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THE STRUCTURE OF A NEW METABOLIC DERIVATIVE OF 
QUININE* 


By JAMES MEAD anp J. B. KOEPFLI 


(From the Gates and Crellin Laboratories of Chemistry,t California Institute of 
Technology, Pasadena) 


(Received for publication, March 13, 1944) 


The isolation and crystallization of a product obtained by the in vitro 
action of rabbit liver on quinine (I) have recently been described by 
Kelsey, Geiling, Oldham, and Dearborn (1). The work reported here was 
undertaken with the object of obtaining information, as rapidly as possible, 
as to the possible structure of this product, which might prove useful in 
other malarial investigations. Thus no attempt has been made to obtain 
or present a rigid proof of structure of the metabolic product, which, for 
convenience, will be referred to as QDP (quinine-derived product). Evi- 
dence will be presented which suggests that QDP is levorotatory 2’- 
hydroxy-6’-methoxy-3-vinylruban-9-ol (II), according to the notation 
introduced by Rabe (2). 
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EXPERIMENTAL 


QDP is soluble in the alcohols, slightly soluble in acetone, ether, or 
chloroform, and insoluble in water and the hydrocarbon solvents. It 
exhibits a dark blue fluorescence in all its solutions and in contrast to 
quinine the fluorescence is not depressed by chloride ion. 

QDP in chloroform solution was adsorbed on a column of calcium 
carbonate (Merck, heavy powder) and the chromatogram developed with 
chloroform containing 2 per cent ethanol. In ultraviolet light only a single 
fluorescing zone appeared on the column, which during further develop- 


* This work was done under a contract, recommended by the Committee on Medi- 
eal Research, between the Office of Scientific Research and Development and the 
California Institute of Technology. 

t Contribution No. 958. 
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ment migrated slowly, without differentiation, into the chromatographic 
filtrate. 

QDP crystallizes in long colorless needles when its methanol solution is 
diluted with water almost to the point of precipitation and is then allowed 
to stand in a desiccator over calcium chloride. In the melting block, the 
crystals show a distinct change in crystal structure at 150° (1), finally melt- 
ing to a clear dark brown liquid at 247.5-248.5° (corrected). The chemical 
properties appeared unchanged by heating at 160° for several hours. QDP 
is optically active, a solution of 0.0165 gm. in 2 ml. of ethanol in a 2 dm, 
tube having a rotation of —0.54°; [a]> = —65.5° + 0.5°. 

QDP is soluble in dilute mineral acids, from which it can be precipitated 
by dilute NH,OH. It is insoluble in NH,OH or in n alkali hydroxides 
but dissolves quite slowly, even on heating, in 2 to 3 N aqueous NaOH or 
KOH. When a suspension of QDP in 6 Nn NaOH or KOH is warmed, an 
insoluble oil is formed, which on dilution of the alkali to about 3 N readily 
dissolves. QDP cannot be extracted from a 3 N NaOH solution with a 
mixture of ether and butanol, but may be recovered unchanged, even after 
prolonged boiling, by acidification with dilute acid and neutralization of 
the acid solution with NH,OH. 

Despite this apparent acidity, QDP does not appear to have a titratable 
acid group and it does not react with diazomethane or give a color reaction 
with ferric chloride. 

Analyses of QDP—A sample of QDP was purified for analysis by re- 
peated recrystallization from methanol and water. The final sample was 
dried at 110° in vacuo but proved to be somewhat hygroscopic after drying. 
The individual samples were therefore dried to a constant weight and 
weighed separately in a closed system for analysis. 


CopH2O3N:2. Caleulated. C 70.56, H 7.11, N 8.23, MeO 9.11 


340.4 Found. * 70.28, “ 7.16, “ 8.51, 9.08 
“ “ 70.41, “ 7.01, “ 8.53, “ 9.06 
“ 70.40, “ 7.09, “ 8.32, “ 9.08 


Molecular weight determinations by the Rast method proved unsatis- 
factory; the QDP sample darkened somewhat in the camphor melt (180°). 
The results obtained varied between 475 and 532. 

Potentiometric Titration—50 ml. of a 90 per cent ethanol solution con- 
taining 4.4 X 10~ mole of quinine and 50 ml. of a 90 per cent ethanol 
solution containing 4.3 xX 10~* mole of QDP were titrated with 0.0466 N 
HCl. The pH measurements were made with a Beckman pH meter after 
each addition of 1 to 2 ml. of acid. The graphical point from a plot of pH 
against the volume of acid added which corresponded to half neutraliza- 
tion of the first basic group was taken as the ionization constant, Ko,; 
this point for both quinine and QDP was pH 7.45. 
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At the calculated half neutralization point of the second basic group of 
quinine, 14.15 ml. of acid had been added and the observed pH was 4.27. 
At the same point for QDP, 13.85 ml. of acid had been added and the pH 
was 2.80. In the calculation of the constant K,, for the second basic group 
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Fic. 1. Potentiometric titration curves of a quinine-derived product and quinine 


of quinine or QDP, a correction was applied for the error due to hydrolysis 
by the use of the following equation. 


S (H*) 
K..2 ie 
H*)» C 
eS + (He 


- 


Ky = 


where K, is the basic dissociation constant, C is the total concentration of 
the base at the half neutralization point, and (H*),, is the observed hydro- 
gen ion activity at that point. When the effect of ethanol is disregarded, 
the calculated dissociation constants at 25° are as follows: quinine, Ay, = 
2.8 X 10-7 (82 per cent ethanol), K,, = 1.8 x 10~” (70 per cent ethanol) ; 
QDP, K,, = 2.8 X 10-7 (82 per cent ethanol), Ay, = 2.3 K 10-" (70 per 
cent ethanol). The titration curves are given in Fig. 1. 

Absorption Spectra—The absorption curves of quinine, QDP, and 2- 
hydroxy-6-methoxy-4-methylquinoline' (6-methoxy-4-methylcarbostyril) 
were investigated with a Beckman quartz spectrophotometer in 0.0002 m 


! Prepared by Mr. Alf Reims; compare Ainley and King (3). 
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ethanol solutions from 250 to 380 mu. The hydrogen lamp was used to 
320 my and a filter added to 380 mu. The latter values were checked 
with a tungsten lamp. 

With a cell thickness of 1 cm. and at a temperature of about 26°, quinine 
showed maxima at 279 and 333 my and minima at 225 and 301 mu. Under 
the same experimental conditions, QDP showed a maximum at 352 mu 
and a minimum at 297 my, compared with a maximum of 350 mu and a 
minimum .of 294 my for 2-hydroxy-6-methoxy-4-methylquinoline. For 
purposes of comparison the three curves are plotted in Fig. 2. 

Hydrogenation of QDP—At 22° and 741 mm., an ethanol solution con- 
taining Adams’ catalyst and 9.021 mg. of QDP absorbed 0.667 ml. of 
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Fic. 2. Absorption spectra of quinine (Curve A), a quinine-derived product (Curve 
B), and 2-hydroxy-6-methoxy-4-methylquinoline (Curve C). 


hydrogen.? Assuming one olefinic linkage to have been hydrogenated, the 
molecular weight of QDP is calculated from this to be 336. 

Ozonization of QDP—A suspension of 0.2828 gm. of QDP in 20 ml. of 
purified chloroform at 0° was treated with a stream of 5 to 6 per cent ozone 
at 100 ml. per minute for 4 hours (4). The chloroform was evaporated at 
room temperature and the colorless residue was warmed with 25 ml. of 
water on the water bath for 1 hour. 20 ml. of this solution were distilled 
into 5 ml. of ice water and then treated with 0.28 gm. of medon. When 
the mixture was warmed for 5 minutes on the water bath, a precipitate 
appeared which, after filtration and recrystallization from ethanol, melted 
at 188-190° (corrected) and gave a mixed melting point of 188-190° 


? The authors are indebted to Dr. G. Oppenheimer for carrying out this determina- 


tion. 
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(corrected) with a known sample of formaldehyde dimedon. The recrys- 
tallized product weighed 0.0384 gm. or 16 per cent of the theory. Quinine, 
under the same conditions, gave a corresponding amount of formaldehyde 
dimedon. 

Reaction with Methyl Iodide—An excess of methyl iodide was added to a 
solution consisting of 0.3 gm. of QDP which had been dissolved in 5 ml. of 
chloroform with the aid of a little methanol. After the solution was 
warmed, a heavy precipitate appeared which was filtered off, washed with 
chloroform, and dried to yield 0.42 gm. of crystalline solid. This was 
recrystallized from ethanol to give colorless needles, m.p. 276-277° (with 
decomposition; corrected). 


1, I 26.31, MeO 6.4 


N 5.8 
“6a wa, ~ Ge 


CoH2,0O;N2I. Caleulated. C 52.28, H 5.64, 
482.4 Found. *“* §2.21, “* 5.68, 


This would indicate that QDP forms a monomethiodide which dissolves 
in dilute mineral acids and in bases, including NH,OH. 

When the reaction of QDP with methy] iodide was carried out in a sealed 
tube with methanolic KOH, a product could not be isolated. If a sample 
of the methiodide was refluxed in methanol with methyl iodide, the solu- 
tion became acidic and the solid went into solution. A definite com- 
pound could not be isolated from this reaction mixture. 

Reaction with Benzenesulfonyl Chloride—0.3 gm. of QDP was suspended 
in 3 ml. of 6 N KOH and warmed on the water bath; an oil formed which 
dissolved on dilution with 10 ml. of water. To this solution there was 
added 0.3 ml. of benzenesulfonyl chloride, the mixture was shaken for 1 
hour, and an additional 0.1 ml. of benzenesulfonyl chloride was added. 
After another hour of shaking and stirring the mixture was warmed to 
decompose excess acid chloride. An oily precipitate, which had gradually 
formed and then solidified, was filtered off, washed with water, and dried. 
After one crystallization from ethanol and two from water the product 
melted at 179-180°, but still contained ash and gave a flame test for 
potassium. It was therefore recrystallized from water with the addition 
of a drop of HCl just at the point of crystallization. After three more 
erystallizations from water, long sheaves of colorless needles were obtained; 
m.p. 180-181° (corrected). A sample for analysis was unchanged after 
heating for 15 hours at 140° in vacuo. 


84, N 4.78, 8 8.20, MeO 5.29 


CssHesOigN «Ss. Calculated. C 59.36, H 5. N 4.7 58 
5.83, “ 4.78, 8.22, “ 5.35 


1173.3 Found. ** 69.44, * 


This compound is soluble in ethanol and hot water and insoluble in 
hydrocarbon solvents. The possibility that it is a salt of benzenesulfonic 
acid is excluded by the finding that QDP can be recovered unchanged from 
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a solution containing a corresponding amount of benzenesulfonic acid. 
It is insoluble in dilute bases and slowly soluble in dilute mineral acids; 
from the latter solution, after 2 hours refluxing, QDP was recovered by 
neutralization with NH,OH. 

Miscellaneous Reactions of QDP—When heated for 3 hours in a sealed 
tube with water at 150°, or with 2 Nn HCl at 150°, QDP dissolved but was 
recovered unchanged on cooling or on neutralization of the acid solution. 
Moreover it was recovered unchanged after refluxing 45 hours with dilute 
acetic acid (compare von Miller and Rohde (5)). 

QDP did not react with p-nitrophenylhydrazine, 2 ,4-dinitropheny)l- 
hydrazine, or hydroxylamine and was recovered unchanged from its 
absolute ethanolic sodium ethylate solution through which methyl nitrite 
had been passed (compare (5)). 

With nitrous acid in dilute HCl, QDP gave a precipitate which gave the 
diphenylamine test and the Liebermann phenol test for nitrosamines. 
With nitrous acid in acetic acid solution it gave a deep yellow color. With 
ceric nitrate reagent QDP gave a deep red color; this color is given by 
‘varbostyril (2-hydroxyquinoline) but not by quinine. 

In chloroform-methanol solution QDP took up bromine rapidly, forming 
a yellow precipitate which melted at about 280°. 

Unsuccessful attempts were made to obtain a recognizable fragment of 
the QDP molecule after oxidation with a number of agents and under 
a variety of conditions. Thus, no quininic acid could be obtained after 
oxidation with chromic acid, although parallel experiments with quinine 
led to the isolation of good yields of quininic acid (6). In the case of the 
oxidation of QDP with dilute HNO; a crystalline product was obtained 
which proved to be a nitrate. This compound on treatment with dilute 
NH,OH gave a red crystalline material which did not melt below 300°. 
Preliminary analyses of this compound indicated that degradation of the 
QDP molecule had not been effected; therefore further attempts at oxida- 
tion with HNO, were abandoned. 


DISCUSSION 

The following discussion summarizes the experimental evidence and the 
reasons for assigning the structure (II) to QDP. 

The homogeneity of QDP is evidenced by its constant rotation and 
melting point after successive crystallizations and by its behavior when 
chromatographed. 

The analyses are in excellent agreement for an empirical formula con- 
taining 1 more oxygen atom than that of quinine. It was therefore assumed 
that no deep seated structural change had taken place in the quinine 


molecule. 








>_> 
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Although a direct molecular weight determination of QDP proved 
unsatisfactory, there is no evidence to suggest that the molecular weight is 
other than 340.4, as calculated from the simple empirical formula 
CooHO;N2. On the contrary, the titration curve for QDP (Fig. 1) is not 
consistent with a double molecule. Secondly, ozonolysis indicated the 
presence of an expected vinyl group and quantitative hydrogenation con- 
firmed an aliphatic double bond; from the hydrogenation data the molecular 
weight of QDP is calculated to be 336, based upon the reduction of one 
double bond, which is in good agreement with 340.4 for CooH,O;Ne. 

Evidence that the quinuclidine ring of quinine is retained unchanged in 
QDP is shown by the following: (a) the vinyl group is intact, as evidenced 
by ozonolysis, hydrogenation, and the addition of bromine; (b) QDP 
forms by addition a monomethiodide; (c) QDP does not react with methyl 
nitrite and therefore does not contain the grouping —-C°O—C*H,— which 
would be present if the quinuclidine ring had been opened and a quinicine- 
like structure were involved; (d) the first basic dissociation constant, Ky,, 
is the same for quinine and QDP. 

Evidence that it is the quinoline portion of the molecule in quinine which 
has been altered in the formation of QDP is shown by the following: 
(a) quininic acid could not be obtained by oxidation of QDP; (6) in contrast 
to quinine, QDP is soluble in solutions of the hydroxides of the alkali 
metals; (c) QDP does not form a dimethiodide, as does quinine; (d) the 
second basic dissociation constant, K»y,, for QDP is very small. 

Consideration may now be given to the reasons for assigning to QDP 
the structure (II) containing an oxygen in the 2’ position of the quinoline 
ring. Since QDP is derived from quinine (I), the 4’ and 6’ positions must 
be occupied, the latter by the methoxyl group which has been shown to be 
present. The possibility of an amine oxide structure may be ruled out since 
QDP forms only a monomethiodide. The addition of an oxygen to the 
3’, 5’, 7’, or 8’ position in quinine (I) would be expected to produce a 
phenolic compound of a sufficiently acidic nature to react with diazo- 
methane and to give a color reaction with ferric chloride; QDP, however, 
does not react with either reagent. There remains therefore only the 2’ 
position to be occupied by the oxygen atom which must be accounted for in 
QDP; a hydroxyl group in this position, and only in this position, would 
account for acidic properties weaker than those shown by an ordinary 
phenolic hydroxyl group, as well as for the marked decrease in basic 
properties of the quinoline nitrogen. 

Thus the structure (IT) accounts very well for the properties of QDP and 
is in harmony with the experimental evidence. Such a structure may be 
looked upon as a 4,6-disubstituted carbostyril, and the absorption spectra 
shown in Fig. 2 are in excellent agreement with such a view. The acidic 
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properties of QDP are comparable to those of a substituted carbostyril, 
for, although carbostyril itself reacts with diazomethane to give an O- 
methyl ether, the acidity decreases with substitution, and 6-methoxy-4- 
methylearbostyril does not react with diazomethane. Moreover carbo- 
styrils are not smoothly oxidized under acid conditions (7), which accounts 
for the fact that attempts to obtain recognizable oxidation products of 
QDP were unsuccessful. The slight basicity of the carbostyril nitrogen 
in QDP explains the nitrosamine test as well as the fact that on prolonged 
treatment with methyl iodide a solution of QDP becomes acid, without 
doubt by liberation of HI, although the N-methyl ether was not isolated. 

There remain two experimental observations for which a satisfactory 
explanation cannot be offered at this time, although neither observation 
necessarily conflicts with the structure (II) for QDP. The first of these 
is that QDP apparently does not isomerize to a quinicine-like structure 
as does quinine. This may be due to the altered quinoline ring in QDP, 
since any rearrangement involving the grouping —-C°HOH—C8H—N— 

| | 
might well be influenced by a change in the quinoline portion of the molecule 
from that of structure (I) to (Il). The second is the formation of the 
compound with a melting point of 179-180° by the action of an excess of 
benzenesulfonyl chloride on QDP in alkali. The analytical results are in 
close agreement with the calculated values for the empirical formula 
CssHesNsOwS;. This empirical formula could be accounted for on the 
assumption that the reactants have combined in any one of several propor- 
tions; ¢.g., 2 moles of QDP plus 3 moles of benzenesulfony! chloride plus 4 
moles of water with loss of 3 moles of HCl, or 2 moles of QDP plus 3 moles 
of benzenesulfonic acid plus 1 mole of HzO. However, it has not been 
possible to write a structure which properly accounts for any such combina- 
tion. The significant fact is that the compound is not likely to involve an 
S—N linkage, since QDP was recovered quantitatively after mild acid 
hydrolysis. 
SUMMARY 

Evidence is presented that the crystalline metabolic product, m.p. 

247 .5-248.5°, derived from quinine, is levorotatory 2’-hydroxy-6’-methoxy- 


3-vinylruban-9-ol. 


The authors are indebted to Dr. F. E. Kelsey, Dr. E. M. K. Geiling, Dr. 
Frances K. Oldham, and Dr. Earl H. Dearborn of the University of Chicago 
for the gift of a generous sample of their metabolic derivative of quinine 
and to Mr. William Saschek, College of Physicians and Surgeons, Columbia 
University, for the microanalyses reported here. 
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MODIFICATION OF THE CHLORATE DIGESTION METHOD 
FOR MICRODETERMINATION OF IODINE IN 
BIOLOGICAL MATERIALS 


By BAHMAN K. SHAHROKH 


(From the Department of Bacteriology, University of California, Berkeley) 
(Received for publication, April 3, 1944) 


In a previous paper! a method for the microdetermination of iodine was 
described. This consisted of digesting the organic material in sulfuric acid 
and potassium chlorate. The method, although very rapid, had certain 
limitations. By modifying it practically all the disadvantages have been 
overcome. One of the limitations was that not more than 30 mg. of solid 
matter could be used in each sample. According to the new method as 
much as 80 mg. of solid matter can be used for analysis. The second dis- 
advantage was the interference of iron and manganese, which limited the 
determination to products that did not contain these materials. The 
cause of this trouble has also been eliminated. The third limitation was 
the restricted period of titration which was caused by the liberation of 
iodine from potassium iodide owing to high acidity. ‘This has been avoided 
by the addition of phosphate, which actually has a 2-fold purpose, as will 
be explained in the following paragraph. 

In the modified method, the material is digested in a solution consisting 
of perchloric acid, sodium chlorate,? and disodium hydrogen phosphate. 
During the digestion iodine is oxidized to iodic acid. When the digestion 
is complete, the liquid is made alkaline by the addition of sodium hydroxide 
to precipitate iron, calcium, and copper in the form of phosphate salts 
which are removed by centrifugation. The clear liquid is then acidified 
with hydrochloric acid to a pH of 1.2, with thymol blue as an indicator. 
At this pH in the presence of phosphate, ferric salts do not oxidize potas- 
sium iodide and, therefore, even if iron is not removed from the solution 
by centrifugation it will not interfere with the iodide-iodate reaction. The 
indicator is then decolorized with a solution of chlorine in carbon tetra- 
chloride, which also oxidizes the reducing impurities that might have 
been present in the added reagents. After the chlorine is removed by 
boiling, the solution is cooled, a crystal of phenol is added, and the solution 
allowed to stand for 5 minutes; such concentrations of manganese salts as 
are found in tissues will then be reduced by the phenol after this time. Io- 


1 Shahrokh, B. K., J. Biol. Chem., 147, 109 (1943). 
? Potassium salts cannot be used because on their addition to perchloric acid- 
potassium perchlorate precipitates, which interferes with the determination 
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dine is then liberated by the addition of potassium iodide solution. Soon 
after, the pH of the solution is adjusted to about 6 by the addition of diso- 
dium hydrogen phosphate solution. This change in pH has two functions, 
First, at this pH no iodine will be liberated from the potassium iodide 
solution and the titration can be carried out as slowly as desired; secondly, 
an almost neutral solution will safeguard against the oxidation of potas- 
sium iodide by slow oxidizing agents that might be present in the solution 
as impurities. 

This method takes longer than the original method. It will take about 
3 hours to determine the iodine content of twelve samples, if they are 
digested together, which will give an average of about 15 minutes for each 
determination. If the centrifugation of the precipitate is not necessary, 
as is the case with most tissues, the time can be reduced to about 24 hours 
for twelve samples. There is almost 100 per cent recovery of iodine by 
this method if the directions are thoroughly followed. The accuracy 
of the method, therefore, is limited by the accuracy of titration. 0.5 7 
of iodine is the limit of accuracy for the writer. 

Reagents- 

1. Digestion mixture. Disodium hydrogen phosphate (anhydrous) 2.5 
gm., sodium chlorate 30.0 gm., distilled water 135.0 ml., 60 per cent per- 
chlorie acid 90.0 ml. First sodium chlorate and disodium hydrogen phos- 
phate are dissolved in distilled water. Then, while the mixture is shaken 
slowly, perchloric acid is added. If the liquid becomes warm, it is cooled 
under tap water. The mixture should be kept at room temperature. 
Higher temperatures cause speedy decomposition of the reagents. 

2. 13 per cent sodium hydroxide solution. 

3. Thymol blue indicator. 0.04 per cent thymol blue in 50 per cent alco- 
hol. 

4. Solution of chlorine in carbon tetrachloride. (a) If chlorine gas is 
available, chlorine solution can be obtained by slowly bubbling chlorine 
through carbon tetrachloride. (6) If chlorine gas is not available, chlorine 
can be obtained from sodium hypochlorite solution. 100 ml. of 5 per cent 
sodium hypochlorite (commercial products like Clorox are satisfactory) 
are placed in a 250 ml. separatory funnel, followed by 25 ml. of carbon 
tetrachloride. The solution is then slowly acidified with 6 Nn HCl. After 
each addition the separatory funnel is shaken. When the liquid becomes 
deep green, the solution is ready for extraction. There will be evolution 
of CO, gas during and after acidification. This gas should be allowed to 
escape. The mixture is shaken slowly to dissolve the chlorine in the carbon 
tetrachloride. The shaking is continued until the hypochlorite solution 
loses its green color. Carbon tetrachloride is then drained out. The 
green tetrachloride solution is washed only once with 25 ml. of distilled 
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water. Ifthe solution remains turbid, it is centrifuged for about 30 minutes 
in a stoppered 50 ml. centrifuge tube.. This solution should be kept in a 
glass-stoppered bottle and must be prepared fresh every 3 or 4 weeks. 

1 per cent potassium iodide solution. 

6. 5 per cent disodium hydrogen phosphate solution. 

. 0.001 N sodium thiosulfate solution freshly prepared before titration. 


1 per cent starch indicator. « 


“J or 


io 8) 


Method 


1 ml. of sample is pipetted into migro-Kjeldahl digestion flasks. It is 
preferable to use the type of dattlen tats which can also be used for cen- 
trifuging. Then, 6 ml. of the digestion mixture are added to the sample, 
followed by a few small pieces of pumice stone. The addition of pumice 
stone is essential to prevent the vigorous bumping which may occur. The 
flasks are heated on a digestion rack until the liquids start to turn green, 
when the micro flames are lowered and the flasks are heated very gently. 
During this part of the digestion the liquids should simmer and not boil. 
Speedy heating may cause minor explosions. The heating is continued 
in this manner until no more chlorine gas is seen in the neck of the flasks. 
This may take from 30 minutes to 1 hour, depending on the quantity of 
organic material present. When chlorine gas disappears, the flames are 
raised slowly and the liquids are allowed to boil. Vigorous boiling should 
be avoided in all stages of digestion. When the contents of the flasks are 
reduced to about 1 ml. to 2 ml., the solutions become colorless and fumes 
start to evolve. Heating is continued for another 2 to 3 minutes, after 
which the flasks are allowed to cool. 4 ml. of 13 per cent NaOH are then 
added to each sample. The flasks are cooled to room temperature with 
tap water. 1 drop of thymol blue is then added and sufficient 13 per cent 
NaOH to turn the indicator blue. If at this stage a visible precipitate 
appears, the liquid should be centrifuged for 1 minute. The supernatant 
liquids are poured in 50 ml. Erlenmeyer flasks, the precipitates are washed 
twice, each time with 5 ml. of distilled water, and the washings added to 
the original liquid. Sufficient 1 N hydrochloric acid is added to each flask 
to give a definite pink color. A few drops of a solution of chlorine in car- 
bon tetrachloride are added to each flask to decolorize the liquids. The 
samples are then boiled until about 15 ml. of liquid are left in each flask, 
after which they are cooled in a stream of running water. When the tem- 
perature reaches about 40° (at higher temperatures phenol reduces iodic 


*The author prefers to omit the centrifuging unless copper is present. If the 
solution is not centrifuged, small quantities of precipitate will remain in the liquid. 
However, in none of the biological materials encountered has the amount of precipi- 
tate been large enough to interfere with the accuracy of the titration. 
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acid), a crystal of phenol is added to each flask and, after cooling for at 
least 5 minutes, 1 ml. of 1 per cent potassium iodide solution is added to 
each flask. At a pH of approximately 1.2 the iodide-iodate reaction goes 
on at a comparatively slow rate and about 30 seconds should be allowed for 
complete liberation of iodine. When the reaction is complete, 1 ml. of a 5 
per cent solution of disodium hydrogen phosphate is added, and the iodine 
is titrated with a freshly prepared 0.001 N solution of sodium thiosulfate, 
1 drop of 1 per cent starch being used as an indicator. 

When a large number of samples are being analyzed, the time for de- 
termination can be reduced if, while one series is boiling in Erlenmeyer 
flasks, another series is being prepared in digestion flasks and if while the 
titrations are being made for the first batch the second series can be di- 
gested. 

SUMMARY 


The chlorate digestion method for the microdetermination of iodine is 
modified so that this method can be used for all the biological materials 
containing more than 0.01 per cent of iodine. 




















THE EFFECTS OF SPERMINE, SPERMIDINE, AND OTHER 
POLYAMINES ON THE GROWTH INHIBITION OF 
ESCHERICHIA COLI BY ATABRINE* 


By MILTON SILVERMAN anp E. A. EVANS, Jr. 


(From the Department of Biochemistry of the University of Chicago, Chicago) 
(Received for publication, March 31, 1944) 


We have previously shown that the growth of Escherichia coli can be in- 
hibited by atabrine (1). This inhibition can be prevented by the addition 
of Witte’s peptone, by protein digests, and by small concentrations of 
spermidine, spermine, pantothenic acid, and several other compounds. The 
present report comprises a detailed description of these phenomena and 
preliminary observations as to their mechanism, 


Materials and Methods 


Cultures—Escherichia coli Strain 26 from the Department of Bacteriology, 
Iowa State College; Lactobacillus casei from the American Meat Institute; 
Pseudomonas pyocyanea from the Department of Bacteriology, University 
of Chicago. 

Media—The mineral salts-glucose medium was that of Kohn and Harris 
(2). The medium was adjusted to pH 7.8 before being boiled and clarified 
by filtration. The final pH after sterilization was between 7.15 and 7.3. 

Media with 1 per cent concentrations of peptone, yeast extract, and casein 
hydrolysate were prepared in 0.6 per cent NaCl and 0.2 per cent glucose. 
They were adjusted to pH 7.4 prior to sterilization. After sterilization the 
pH varied from 7.1 to 7.3. 

The medium of Landy and Dicken (3) was employed for the growth of 
Lactobacillus caset. 

2 per cent Mead’s amigen adjusted to pH 7.6 before sterilization was used 
for the growth of Pseudomonas pyocyanea. 250 ml. portions were distrib- 
uted into 4 liter Erlenmeyer flasks to insure a large surface area. Cells 


* The work described here was done under a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Develop- 
ment and the University of Chicago. This work was also supported in part by grants 
from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of 
Chicago. 

The authors are indebted to the Carbide and Carbon Chemical Corporation for 
their gift of the synthetic polyamines employed. They also wish to express their 
thanks to Mr. M. Lieberman for the isolation of several soil organisms and to Miss 
Virginia Blue for much of the routine work. 
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were collected, after 18 to 20 hours growth, by centrifugation in a Sharples 
supercentrifuge. 

All basal media were heat-sterilized at 15 pounds for 20 minutes. Solu- 
tions of substances added to the basal media were adjusted to pH 7.4 before 
sterilization. The final volume of the medium was 10 ml. in all cases. 
Aqueous atabrine dihydrochloride (0.025 m) and quinine dihydrochloride 
solutions (0.05 m containing 1 ml. of 0.5 Nn NaOH per 20 ml.) were sterilized 
by filtration through Jena glass sterilizing filters. Irregularities resulted 
when atabrine solutions were sterilized by passage through Seitz filters, 
probably due to absorption of the drug on the filter pad. Solutions of heat- 
labile substances were sterilized by filtration; all others were sterilized by 
autoclaving. Incubation temperatures were 32° unless otherwise specified. 

Warburg manometers and vessels were employed in respiration measure- 
ments. Aldehyde formation was measured by a micro modification of the 
method of Clift and Cook (4). 


EXPERIMENTAL 


Effect of pH on Atabrine Inhibition—It is evident from Table I that the 
bacteriostatic action of atabrine on Escherichia coli is a function of the pH 
of the medium. Little inhibition of bacterial growth is observed below pH 
6.09, with atabrine concentrations as high as 0.0015 mM. On the other hand, 
a measurable degree of inhibition is still apparent with atabrine concentra- 
tions of 0.00025 M at pH 7.57. Atabrine is apparently most effective as the 
free base.! 

To ascertain whether the increased activity of atabrine at higher pH levels 
could be correlated with an increased concentration of the drug inside or on 
the surface of the bacterial cells, experiments were carried out in which 
washed suspensions of Escherichia coli in water were added to buffers of 
different pH values containing identical concentrations of atabrine. The 
suspensions were shaken for 5 minutes at room temperature, the cells were 
centrifuged off, and 1 ml. samples of the supernatant fluid were taken for 
analysis. The atabrine was extracted with 15 ml. of ethylene dichloride in 
the presence of 1 ml. of saturated Na,HPO, (6). The intensity of the 
fluorescence of the ethylene dichloride extracts was compared on the Cole- 
man electronic photofluorometer, with Coleman Filters B-2 and PC-2. An 
increase in the external pH of the medium from 6.2 to 7.6 was found to 
‘~ause an 8-fold increase in the percentage of atabrine bound or contained 
in the cells (Table II). 

Antagonistic Properties of Peptones, Yeast Extract, and Casein Hydroly- 
sates—A variety of materials was tested for the content of substances 


1 Browning, Gulbransen, and Kennaway (5) have already pointed out that acridine 
compounds were most effective against Escherichia coli in alkaline media. 
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capable of antagonizing the inhibitory action of atabrine. The pertinent 
data are included in Table IIT. 

Bacto-yeast extract and one sample of peptone (No. 358,027) contained 
amounts of antagonizing substances capable of removing the inhibiting 
effect of 0.0005 m atabrine in 11 and 12 hours respectively. Growth in the 


TABLE I 
Effect of pH on Growth Inhibition of Escherichia coli by Atabrine 


Growth was initiated in 10 ml. of Bacto-peptone with 1 drop of the 24 hour growth 
of Escherichia coli in Bacto-peptone diluted 1:5 with distilled water. 


Atabrine concentration 





| 











pH 0.00025 "0.0005 ou =| 0001Su 
Hrs. for visible growth (<7 for 0.0 u atabrine) 7 4 
5.70 | <7 <7 <7 | <7 
6.09 <7 <7 <7 | <7 
6.23 <7 <7 <7 48 
6.53 | <7 <7 >96 | >96 
6.83 <7 10 >96 >96 
7.21 <7 36 >96 >96 
i? wae 48-60 > | >96 
7.57 9.5 48-60 >96 >96 
TaBLe II 


Effect of pH on Distribution of Atabrine between Bacterial Cells and Suspending 
Medium 
2 ml. of phosphate buffer (m/15); 1 ml. of atabrine (244.8 y as free base); 1 ml. of 
4 per cent Escherichia coli suspension in water; incubated with shaking for 5 minutes 
at room temperature and centrifuged. 








Atabrine concentrations cells 
pH } a ets Ratio ——— 
7 supernatant 
Supernatant Cells 
per mi. ¥ per mi. 
6.2 | 57.7 | 350 6.1 
7.6 31.4 | 2980 95.0 








control tubes in these experiments, 7.¢. in the absence of atabrine, occurred 
in 5 hours. A second sample of Bacto-peptone (No. 348,562) contained 
smaller amounts of the antagonistic factors.2 When amigen was present, 
growth occurred in the presence of 0.00125 m atabrine in about twice the 
time (11 hours) required for the control. With the same high concentration 


* Unless otherwise indicated, this sample of peptone was used in the work re- 
ported here. 
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of atabrine, the presence of Witte’s peptone permitted growth after a lag of 
only 0.5 hour (7.e., 5.5 hours). With concentrations of atabrine less than 
0.0005 m, the presence of Witte’s peptone completely prevented growth 
inhibition. Various casein hydrolysates were essentially without activity. 
Whether the activity of these various materials is due to any of the sub- 
stances discussed in the following section is unknown. 


Taste III 
Effect of Various Media on Atabrine Inhibition of Escherichia coli Growth 
Inoculum, 1 drop of the 24 hour Escherichia coli growth in Bacto-peptone diluted 
1:1000 with H,0. 


Atabrine concentration 


pH Medium ene 0.000125! 0.00025 | 0.0005 | 0.00075 | 0.001 | 0.00125 
- M 


M M M M M 


Hrs. for visible growth 


| 


.16, Bacto-yeast extract 5 6.55 12 |>48 

28} Bacto-peptone, No. 348,562 5 7.5) >48 

31| Witte’s peptone 5 5 5 §.5) 5.5 5.5 
28) Bacto-peptone, No. 358,027 5 6.55 Ill |>48 


or 
V 
wen 

Ft 


27| Bacto-casamino acids 


a 


.15| Mead’s amigen 


.15| Mineral salts-glucose 20 24 >48 


oc 


Nv) J J) 3) =] 


Pollack and Lindner (7) have demonstrated the presence of a substance in 
Wilson’s peptone which serves as a growth stimulant for Lactobacillus casei. 
In order to ascertain whether Witte’s peptone and the other preparations 
tested on Escherichia coli were effective as growth stimulants for L. casei we 
have carried out experiments in which these substances were added to the 
medium of Landy and Dicken (3) at a concentration of 20 y per ml. The 
media were then inoculated with 1 drop of a washed L. casei suspension and 
incubated at 37° and the turbidity, expressed in arbitrary units as deter- 
mined on the Evelyn photometer, caused by the resultant growth measured 
after 24 hours. The results were as follows: 





Med ided Ami mae ko- ~~ Bac to-yeast R. = Witte’s Control 
Tree en 4 No. 348, $62 arise 027, extract casamino peptone - 
;* ee 'y =" acids 
de al a. 
. oe | me - Pe - 
Growth , 13.7 | 138.7 11.3 9.1 7.1 29.2 9.4 


Witte’s peptone contained a factor, lacking or present in only small quanti 
ties in the other media, which markedly increased the growth of L. caset. 
Very little of this factor was present in amigen. Whether the factor or 
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factors in Witte’s peptone which stimulated the growth of L. casei are 
identical with those which antagonized the effect of atabrine on the growth 
of E. coli is not known. 

Chemically Known Factors and Their Effect on Atabrine Antagonism- 
Data showing the effect of a number of chemically pure substances on the 
growth of Escherichia coli in the presence of atabrine are presented in 
Table IV. 

These tests were carried out in a medium containing 1 per cent Bacto-pep- 
tone. With this medium the bacteriostatic effect of atabrine is only slightly 
less than in an inorganic salts-glucose medium and no increase in the control 
growth rate (in the absence of atabrine) was caused by the addition of the 
substances being tested. Conditions were so adjusted that growth in the 
controls (in the absence of atabrine) occurred in about 5 hours. In the 
presence of 0.0005 m atabrine, visible growth did not occur before 24 hours 
and frequently not until 48 hours. Only those compounds were considered 
active which, in the presence of atabrine, caused visible growth within 24 
hours. 

The naturally occurring polyamines, spermine and spermidine, were the 
most active of the substances tested. Pantothenic acid and the synthetic 
amines, diethylenetriamine, etc., were less active. Cystine, riboflavin, 
thiamine, nicotinic acid, and glutathione showed some activity, while the 
effects of tryptophane, 1 ,4-diaminobutane, and l-arginine were irregular 
andsmall. With the exception of riboflavin, none of the active substances 
shows any chemical resemblance to atabrine, and there is no obvious struc- 
tural similarity between the various groups of active compounds. 

Relative Toxicities and Antagonistic Properties of Spermine and Spermidin« 

‘The antagonistic effect of low concentrations of spermine to atabrine is 
replaced, with higher concentrations of the amine, by a direct inhibitory 
effect on the growth of Escherichia coi. On the other hand, spermidine, 
which is also highly effective in antagonizing atabrine, does not inhibit the 
growth of Escherichia coli at 0.002 m concentrations (Table V). At lower 
concentrations, however, spermine is the more effective antagonist of the 
two amines. As shown in Table VI, 1.2 y per ml. (6.25 K 10-* m ) of sper- 
mine are capable of effectively antagonizing 327 y per ml. (7.5 X 10-* m) 
of atabrine. 

Effect of Spermidine on Growth of Organisms Other Than Escherichia coli in 
Presence of Atabrine—To ascertain whether the spermidine-atabrine antag- 
onism demonstrated with Escherichia coli could be observed with other bac- 
teria, organisms isolated from soil were studied under conditions similar to 
those used with the colon organism. 

It was found that these soil organisms can be divided into two groups. 
The first group comprises those which are inhibited by low concentrations 
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Tasie IV 
Factors Antagonizing Inhibiting Effect of Atabrine on Growth of Escherichia coli 


Growth was initiated in the basal medium of Bacto-peptone with 1 drop of the 24 
hour growth of Escherichia coli in Bacto-peptone diluted 1:1000. 
The atabrine concentration in all experiments was 0.0005 m. 





| Hrs. required for initiation 








Factor Concentration of visible growth 
on - ——_______— | _ _ 7 _ ew 
| M 
Spermidine | 0.001 6 
0.0005 6 
| 0.00025 7 
Spermine 0.001 22 
0.0005 10 
0.00025 7 
Diethylenetriamine 0.001 10 
0.0005 20 
0.00025 24 
Triethylenetetramine 0.001 7 
0.0005 9 
0.00025 23 
Tetraethylenepentamine 0.001 6.5 
0.0005 7.5 
0.00025 20 
Calcium pantothenate 0.001 6.5 
0.0005 9 
0.00025 20 
Riboflavin 0.00033 16 
Thiamine 0.00037 | 14-16 
Nicotinic acid 0.0010 14-16 
Glutathione 0.00041 14-16 
Cystine 0.0005 18 


The following show slight and variable activity at the concentrations indicated; 
tryptophane 0.0006 m, putrescine 0.0008 m, d-arginine 0.0006 m. The substances 
inactive at concentrations of 125 per ml. were as follows: ethylamine, butylamine, 
monoamylamine, dimethylamine, diethylamine, triamylamine, isopropylamine, 
ethylenediamine, propylenediamine, monoethanolamine, triethanolamine, phenyl- 
diethanolamine, triisopropanolamine, phenylethanolamine, ethylphenylethanol- 
amine, tetraethanolammonium hydroxide, diethanolamine, diethanolaminoethanol, 
morpholine, tri-n-butylamine, di-n-butylamine, histamine, dl-a-alanine, 8-alanine, 
aminoacetic acid, l-asparagine, dl-aspartic acid, /(+)-arginine, /(+-)-glutamic acid, 


dl-glutamic acid, histidine, dl-leucine, dl-isoleucine, /(—)-leucine, /(+-)-lysine, dl- 
lysine, dl-norleucine, dl-methionine, d-ornithine, dl-phenylalanine, /(—)-proline, 
1(—)-hydroxyproline, dl-serine, [(—)-tyrosine, dl-threonine, dl-valine, aminobutyri¢ 


acid, glutamine, adenine sulfate, choline, creatine, inositol, 2-methyl-1, 4-naphtho 
quinone (62.5 per ml.), p-aminobenzoie acid, pimelic acid, pyridoxine, uracil, uri¢ 


acid, xanthine. 











mm ii 
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of atabrine (about 0.00005 mM) when grown in peptone. These organisms 
are incapable of growth in an inorganic salts-glucose medium. The ata- 
brine bacteriostasis with these organisms cannot be relieved by spermidine 
or Witte’s peptone. The second group of organisms requires high (0.0005 
Mor more) concentrations of atabrine for inhibition of growth in peptone 
and is capable of cultivation in inorganic salts-glucose media. Atabrine 
bacteriostasis with these organisms can, as in the case of Escherichia coli, be 
relieved by spermidine. The data are shown in Table VII. It appears 


TABLE V 


Relative Toxicity of Spermine and Spermidine 
The inoculum and basal medium were as in Table IV. 
Gicentestien 
0.0m 0.00025 mu ~ 9.0005 M 0.001 m 0.002 m 


Hrs. for visible growth 


Spermine 4. 
Spermidine . 4 


or on 
~ or 
ou 
mo 
vr 

= 
mS 
or 


TaBLe VI 
Effect of Spermine and Spermidine on Growth of Escherichia coli in 0.00076 mu Atabrine 


The basal medium was Bacto-peptone No. 358,027. The inoculum was as in Table 
IV. Growth in the absence of atabrine occurred in 4.5 hours; with atabrine no 
growth occurred in 120 hours. 


7.5X 5 xX 2.5 X 1.25 X | 6.25 X 25 X | 1.25 X | 6.25 X 2.5 xX 
10~¢ uw 10-*m | 10-*w | 10m | 10-5 | 10M | «108M | 10-* mu | 10-*u 
Hrs. for visible growth 
Spermine . 6.75 | 5.75 | 5.5 | 5.5 8.5) 20 | 26 | >120 
Spermidine 5.75 | 5.7 8 | 14 | 26 > 120 


then that those bacteria which respond to spermidine can synthesize cellular 
protoplasm from a medium in which ammonium phosphate is the sole source 
of nitrogen. Those which require more complex media for groWth (pep- 
tones) do not respond to the addition of spermidine. This suggests that at 
least two mechanisms are involved in atabrine bacteriostasis, one involved 
with the synthesis and metabolism of amines and another, yet unknown. 
Spermidine As Growth Factor?—The possibility that spermidine is an 
essential bacterial growth factor was tested on two organisms, with negative 
results. In the case of Escherichia coli, growth of the organism through a 
series of 120 daily transfers in either Bacto-peptone containing spermidine 








528 INHIBITION OF GROWTH BY ATABRINE 


and atabrine or in an inorganic salts-glucose medium containing spermidine 
did not produce, at any time, organisms capable of increased growth in a 
mineral salts medium supplemented by spermidine. Attempts to isolate 
spermine and spermidine from 50 gm. (wet weight) of Escherichia coli cells 
by the usual methods (8) were unsuccessful. 

The addition of spermidine was also found to be without effect on Lacto- 


bacillus casei growing on the medium of Landy and Dicken. When the 


Taste VII 


Effect of Spermidine on Atabrine Inhibition of Growth of Soil Bacteria 


The inoculum and basal medium were as for Escherichia coli in Table IV 


Growth at 


— Addition . . 

i7hrs. | 24 hrs. 

LA None 4 4+ 
0.001 m atabrine 3+ 

0.001 ‘ - + 0.0005 m spermidine + 4+ 

l None a+ | & 
0.0005 m atabrine _ -- 

0.0005 * “~ +- 0.0005 m spermidine + 4+ 

2 None 3+ 4+ 
0.0005 m atabrine - 2+ 

0.0005 * a + 0.0005 m spermidine 3+ 4+ 

3 None 3+ | 4+ 
0.00075 m atabrine — a 

0.00075 * - + 0.0005 m spermidine 2+ 4+ 

5 None 2+ 4+ 
0.0005 m atabrine _ 2+ 

0.0005 * ™ + 0.0005 m spermidine 2+ 4+ 


Organism 1A, Gram stain irregular, short plump rod; dry wrinkled growth on agar. 
No. 1, Gram-negative, short slim rod; yellow smooth glistening growth on agar. 
No. 2, Gram-negative, resembling Escherichia coli morphologically and in growth on 


agar. No. 3, Gram-negative, short rod; yellowish smooth growth on agar. No. 5, 
Gram-negative, short plump rods; yellow growth on agar. 
= no growth; 4+ = maximum growth; +,2+, 3+ = intermediate growth 


intensity estimated visually 


casein hydrolysate used in the basal medium was adjusted to pH 108, 
extracted continuously with butyl alcohol for 40 hours, and then neutralized 
and used as the basal medium, it no longer supported growth. While the 
addition of spermidine to the extracted hydrolysate did not restore the 
growth-promoting property of the medium, normal growth was resumed 
when the butyl alcohol extract was added. 
Quinine Bacteriostases and Spermidin« 
on an inorganic salts-glucose medium can be inhibited by quinine although 


The growth of Escherichia colt 
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higher concentrations are required than with atabrine. The inhibition can 
be relieved by spermidine. This is shown when the effects of the addition 
of atabrine and quinine on growth of Escherichia colt mm an inorganic salts- 
glucose medium are compared. With 1 drop of the 24 hour growth in 
mineral salts of pH 7.05 (2) diluted 1:1000 as the inoculum, the hours for 
visible growth after the addition were as follows: no addition, 18; 0.0005 m 
spermidine, 15; 0.0005 m atabrine, >72; 0.0005 m atabrine + 0.0005 m 
spermidine, 23; 0.0015 m quinine, 50; 0.0015 mM quinine + 0.0005 m spermi- 
dine, 29. Whether the acceleration of growth evident on the addition of 
0.0005 M spermidine to an inorganic salts-glucose medium is due to the 
amine serving as a source of organic nitrogen for cell synthesis or to some 
other effect is unknown. With a peptone medium, as stated previously, 
spermidine has no apparent effect on growth rate. 

Attempts to demonstrate a chemical alteration of atabrine during bac- 
terial growth in the presence of spermine and spermidine have been negative. 
In experiments to this end, the atabrine was extracted as the free base with 
ethylene dichloride after the medium had been made alkaline with 
NasHPO,. After suitable dilution of the extracts with ethyl alcohol, the 
respective intensities of their colors were compared in a Coleman universal 
spectrophotometer with Filter PC-4 at the 430 my band. No difference in 
atabrine concentration could be detected between the tubes in which growth 
had occurred (in the presence of spermidine) and those in which no growth 
had taken place. This does not exclude the possible formation of metabolic 
products of atabrine having the same fluorescence and intensity of absorp- 
tion at 430 my as atabrine itself, such as those described by Scudi and Jeli- 
nek (9). However, if such compounds are formed they must possess the 
same bacteriostatic potency as atabrine, inasmuch as the pigment extracted 
after bacterial growth in the presence of atabrine and spermine retains the 
full bacteriostatic effect of the atabrine originally added. 

Development of Cultures Resistant to Atabrine—It was possible to obtain 
an Escherichia coli culture capable of growth in 0.0075 m atabrine by daily 
transfers of the organism to a mineral salts-glucose medium containing in- 
creasing concentrations of atabrine. After five transfers at the 0.0075 m 
atabrine concentration the organisms grew more slowly. The organism 
was then transferred to an agar slant and this was used as a source of the 
inoculum of the ‘‘atabrine-resistant”’ strain. Microscopic examination of 
the “resistant” organisms revealed a Gram-negative coccoid rod unlike the 
typical Gram-negative short slim rod of the parent culture. The identity 
of the culture was demonstrated by routine tests for Escherichia coli: (1) 
acid and gas production in lactose broth, (2) methyl! red positive, (3) Voges- 
Proskauer negative, (4) no growth in Koser’s citrate, (5) typical colonies on 
Endo’s agar and Levine’s eosin-methylene blue agar, and (6) indole produc- 


tion from tryptophane broth. 
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Table VIII shows the difference in resistance to both atabrine and qui- 
nine between normal and ‘“‘atabrine-resistant’”’ strains of Escherichia coli. 
Increased resistance to atabrine is accompanied by an increase in resistance 
toward quinine, although the latter (about 4 times) is not as great as the 
increase in atabrine resistance (about 10 times). 

Inhibition of Spermidine Oxidation by Atabrine and Quinine—The facet 
that spermidine, spermine, histamine, and other polyamines are not oxi- 
dized by washed suspensions of the strain of Escherichia coli used in our 
experiments does not exclude the possibility that other metabolic transfor- 


Tasie VIII 
Resistance to Atabrine and Quinine of Normal and Atabrine-Resistant Strains 
of Escherichia coli 


Basal medium, mineral salts-glucose. Inoculum, 24 hour cultures grown in min- 
e eral salts; 1 drop of culture diluted 1:1000. The data are expressed as in Table VII, 














Concentration Resistant strain Normal strain 
of atabrine or —_ . ’ = . = 
quae | 24hbrs. 48 hrs. 72hrs. | 24hrs. 48 hrs. 72 hrs. 
M —— 
Atabrine None | + | 4+ 4+ 4+ | 4+ | 4+ 
| 0.0005 | - - | - 
0.001 — | 4+ a ee - | = 
0.0015 |§ -—- | 4+ a> 
0.0022 | — | 4+ | 4+ | | 
0.003 j= 4+ I 
nn Vee 4+ | 44 | | 
| 0.005 - aF Bogor | 
Quinine | None + 4+ 44 4+ | 44 4+ 
| 0.001 | 3+ | 4+ 4+ 
| 0.002 - 4+ $+ Park (ol? - 
0.003 — | 4+ 4+ - f= - 
fe Se ee ee | 4+ —- | = - 


0.006 _ _ _ - 


mations of the amines occur in £. coli since (1) the growth of Z. coli ina 
glucose-inorganic salts medium is improved by the addition of spermidine 
and (2) (as reported by Dr. L. Peters and Dr. A. K. Miller in a personal 
communication) the growth of Z. coli on a basal medium containing aspara- 
gine is accelerated by the addition of spermidine. It seemed desirable, 
therefore, to study the effect of atabrine and quinine on an enzyme system 
capable of using spermidine and other polyamines asa substrate. For this 
purpose we have used preparations of Pseudomonas pyocyanea, an organism 
capable of oxidizing putrescine, cadaverine, histamine, and other poly- 


amines (10). 
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Fic. 1. The formation of aldehyde from spermidine by a lyophilized preparation 
of Pseudomonas pyocyanea. Lower curve, endogenous control; upper curve, in pres- 
ence of spermidine. Volume, 2.5 ml. containing 1 ml. of M/15 PO,, pH 7.6, 12.5 x 10° 
mole of spermidine, 28 mg. of undialyzed preparation, and H;O to volume. Incubated 
at 30°. 

TaBLe IX 


Effect of Atabrine and Quinine on Oxidation of Spermidine 


0.5 ml. of phosphate buffer, pH 7.6, + 2.0 mi. (14 mg.) of lyophilized preparation of 
Pseudomonas pyocyanea (dialyzed 16 hours at 0°) incubated with shaking at 30°. 


Moles X 10~* aldehyde formed in 1 hr. 





Spermidine 0.001 0.004 











Atabrine None ; 0.0005 s 1 0.001 M ? Meme. 0.0005 x 0.001 - 
Sample 1 1.57 | 0.94 0.75 1.79 1.60 1.27 
Inhibition, % | 40 52 | 10 | 29 
Sample 2 1.17 0.71 0.47 1.40 | 1.29 | 0.96 
Inhibition, % | 40 60 8 32 

Quinine None | O000im | 0.002m None 0.001 u 0.002 u 
Sample 1 1.67 1.36 0.99 1.97 | 2.02 1.74 
Inhibition, % 18 41 12 
Sample 2 1.60 1.15 0.80 1.90 | 1.90 1.50 
Inhibition, % 28 | 50 | 0 | 2 
Sample 3 1.15 0.75 0.45 140 | 1.15 0.87 
Inhibition, % 35 61 | 18 38 





Suspensions of Pseudomonas pyocyanea oxidized spermine, spermidine, 
and putrescine at a rapid rate, histamine more slowly, and the three syn- 
thetic amines, diethylenetriamine, triethylenetetramine, and tetraethylene- 
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pentamine, at a very slow rate. If the cell suspensions were stored at 10° 
for 16 to 20 hours, it was found that atabrine markedly inhibited the oxida- 
tion of spermidine when it was added prior to the amines; if both amines are 
added simultaneously, or if freshly prepared suspensions of Pseudomonas 
pyocyanea were used, the inhibition was much less. 

Such results, obtained with intact bacterial cells, are open to the objection 
that one cannot differentiate between the effects of inhibitors on the initial 
oxidation of the amine to the corresponding aldehyde and the subsequent 
oxidation of the latter. It was found, however, that lyophilized prepara- 
tions of Pseudomonas pyocyanea formed an aldehyde (the primary product 
of diamine oxidase oxidation, according to Zeller (11)) with spermidine as a 
substrate (Fig. 1). Such preparations, after dialysis against distilled water, 
utilize from 1 to 2 atoms of O2 per mole of aldehyde formed. This type of 
preparation has been employed for a study of the effect of atabrine and 
quinine on spermidine oxidation. 

As is evident from Table IX, both quinine and atabrine inhibit the for- 
mation of aldehyde from spermidine. Furthermore, in each case, an in- 
crease of spermidine from 0.001 to 0.004 m greatly reduces the degree of 
inhibition, suggesting that the inhibition is competitive in nature. 

DISCUSSION 

The most striking fact to emerge from this study is the antagonism to the 
action of atabrine shown by the amines, spermine and spermidine. Since 
atabrine is apparently completely recovered after bacterial growth, the 
amine cannot be effective by combining with atabrine (unless the process is 
reversible) or by inducing the bacterial production of a substance capable of 
combining with or inactivating atabrine. It seems very probable that 
atabrine and spermine or spermidine are competitive substrates in an 
enzymic reaction occurring in the bacterial cell. Such a hypothesis implies 
that the bacterial synthesis of the amines or some other reaction involving 
them is necessary for the growth of the organism. Under circumstances in 
which any of these reactions is inhibited by atabrine, addition of the amine 
is necessary for growth to occur. Failure to isolate spermine or spermidine 
from Escherichia coli may be due to the fact that the amine is present in very 
small amounts. If one were to assume that the maximum concentration of 
the amine in the bacterial cell was equivalent to that necessary to overcome 
atabrine bacteriostasis, it can be calculated that the quantity present in 50 
gm. of Escherichia coli would be too small to detect by our present tech- 
niques. 

It seems unlikely that the ability of such agents as thiamine, riboflavin, 
pantothenic acid, glutathione, and nicotinic acid to antagonize atabrine is 
related to their various specific metabolic effects. The concentrations of 
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these substances required to antagonize atabrine are far greater than those 
involved in their action on other biological systems. Further, any speci- 
ficity in action is contraindicated by the fact that any one of the group in 
sufficiently high concentration will permit growth to occur. It seems more 
probable that all of these substances have some affinity for the active en- 
zyme surfaces involved in the atabrine effect and protect these surfaces 
from the drug but do not completely inhibit the synthesis or other reactions 
of the amines essential for growth. Some support for this view may be 
derived from the work of Zeller (11) who has found that thiamine is an 
inhibitor of the diamine oxidases and has a great affinity for the enzyme. 

The activity of the three synthetic polyamines increases with molecular 
weight and the number of amino groups (from three to five). At higher 
concentrations tetraethylenepentamine is almost equivalent in activity to 
spermidine. However, at a concentration of 0.00025 m the naturally occur- 
ring triamine is far more potent than the synthetic pentamine. 

Those factors known to be the most active antagonists of the sulfonamides 
(p-aminobenzoic acid and methionine) are without effect on the action of 
atabrine. Witte’s peptone, which contains the most active antagonists of 
the atabrine effect on Escherichia coli, has been reported by MacLeod (12) 
to be a very poor antagonist of the action of sulfonamides. It appears, 
therefore, that the mechanism of the action of atabrine is different from that 
of the sulfonamides. A similar conclusion has been reached by Maier and 
Riley (13) who found that p-aminobenzoic acid completely inhibited the 
antimalarial action of sulfanilamide in avian malaria, but was without effect 
on the action of quinine and atabrine. 

Witte’s peptone apparently contains other atabrine antagonists than the 
known polyamines, since it would be necessary for the peptone to contain 
about 0.1 per cent of the amines to account for its total activity. Further, 
Witte’s peptone completely eliminates any lag in growth in 0.0005 m ata- 
brine in contrast to the 1 hour lag always observed when optimum concen- 
trations of the active amines are added. 


SUMMARY 

Increase in pH markedly increases the bacteriostatic activity of atabrine. 
This is associated with a greater retention of the drug by the cell at the 
higher pH values. 

A variety of protein digests contains substances relieving atabrine bac- 
teriostasis in Escherichia coli. Witte’s peptone is the most active of these 
media. This same peptone in a concentration of 20 y per ml. greatly in- 
creases the growth of Lactobacillus casei in the complete medium of Landy 
and Dicken. 

The naturally occurring amines, spermine and spermidine, are the most 
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active antagonists of atabrine among the known factors tested. Concen- 
trations of spermine higher than 0.00025 m inhibit the growth of Escherichia 
coli; spermidine is non-toxic at a concentration of 0.002 m. 

Escherichia coli cultures resistant to atabrine also possess increased re- 
sistance to quinine. The bacteriostatic effect of quinine may be antago- 
nized by spermidine. 

The oxidation of spermidine by lyophilized preparations of Pseudomonas 
pyocyanea is inhibited by both atabrine and quinine. This inhibition may 
be eliminated or reduced by increased spermidine concentrations. 

It is suggested that atabrine inhibits the growth of Escherichia coli by 
interfering with reactions involved in the synthesis, the metabolism, or the 
synthesis and metabolism of spermine or spermidine. 


Addendum—Subsequent to the completion of this manuscript Snell (14) has re- 
ported that polyamines are effective in inhibiting bacteriostasis due to propamidine. 
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ROLE OF PHOSPHATE IN PYRUVIC ACID DISSIMILATION BY 
CELL-FREE EXTRACTS OF CLOSTRIDIUM BUTYLICUM* 


By H. J. KOEPSELL, MARVIN J. JOHNSON, anv J. 8. MEEK 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison) 


(Received for publication, April 8, 1944) 


The preparation of a vacuum-dried cell-free extract of frozen cells of 
Clostridium butylicum has been described (1). This extract catalyzes the 
fermentation of pyruvic acid to acetic acid, carbon dioxide, and molecular 
hydrogen. The rate of hydrogen evolution during the reaction is propor- 
tional to the concentration of added inorganic phosphate. No stable 
phosphorylation product has been detected. 

In this paper the results of a further study of the réle of phosphate in the 
reaction are given. 

EXPERIMENTAL 

Large Scale Preparation of Cell-Free Extract—To avoid differences in the 
behavior of small batches of enzyme preparation individually prepared as 
needed, a large quantity of dry extract was prepared. Cells of Clostridium 
butylicum were grown as follows: 600 liters of medium consisting of 1 per 
cent commercial glucose, clear aqueous extract of 0.5 per cent malt sprouts 
and 0.25 per cent fresh pork liver, 0.25 per cent Cuban blackstrap molasses, 
0.25 per cent ammonium sulfate, 0.1 per cent phosphoric acid neutralized 
to pH 6.8 with ammonium hydroxide, and salts,' was sterilized, cooled, and 
inoculated with 30 liters of an 18 hour culture of Clostridium butylicum 
grown in the same medium. After incubation at 37-40° for 18 hours, the 
cells were harvested by centrifuging. 900 gm.‘of wet cells were obtained 
and were immediately frozen. 

After 14 days, 100 gm. portions of frozen cells were ground in 200 ml. of 
ice-cold water and adjusted to pH 6.5 with sodium hydroxide solution. 
The suspension was allowed to stand in an ice bath for 10 to 15 minutes and 
then centrifuged several times for 10 to 15 minute periods until a clear 
amber supernatant liquid could be drained from the cell débris. This 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Wisconsin Alumni Re- 
search Foundation. 

? A solution having the following content (in gm. per liter) was prepared: MgSO,- 
7H,0 10, MnSO,-H,0 10, CaCl.-2H.0 10, FeSO, 0.2, CuSO,-5H,0 0.1,Co(NO;).-6H,O 
0.01, Na.B,O;-10H,O 0.01, ZnSO, 0.1. 10 ml. of this solution were added per liter 
of medium prepared. 
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liquid was evaporated under a high vacuum while frozen. From 700 gm. of 
frozen cells thus treated, 28 gm. of dry extract were obtained. Assay indi- 
cated recovery of 36 per cent of the total activity of the frozen cells used, 

Determination of Inorganic Phosphate and Phosphate Esters—For con- 
venience, the nomenclature given in Table I will be used in the discussion of 
phosphate compounds. These compounds were determined as follows: 
True inorganic and labile phosphates were determined concomitantly by a 
procedure modified from that of Lipmann (2). This procedure depends on 
the solubility of the calcium salts of labile phosphates and the insolubility 
of the calcium salts of true inorganic phosphate in alcoholic calcium chlo- 
ride solution under controlled conditions, and on the hydrolysis of labile 








TABLE I 
Nomenclature of Phosphate Compounds 
Compound Definition 
Inorganic phosphate Phosphate whose calcium salt is insoluble in water- 
alcohol mixtures under controlled conditions (e.g., 
NaH,PO,) 
Labile phosphate..... Phosphate whose calcium salt is soluble in water-alco- 


hol mixtures under controlled conditions, and which 
is hydrolyzed, if present, during determination of 
inorganic phosphate by modified Fiske and Subbarow 
method (e.g., acetyl] phosphate) 

7 minute phosphate.......| Phosphate not hydrolyzed during Fiske and Subbarow 
determination of inorganic phosphate, but hydrolyzed 
by exposure to 1.0 n HCl at 100° for 7 minutes (e.g., 
adenosine triphosphate ) 


Stable ester phosphate ....| Phosphate not appreciably hydrolyzed by exposure to | 


1.0 n HC! at 100° for 7 minutes (e.g., hexose diphos- 
phate) 





phosphate, if present, to inorganic phosphate during the determination of 
inorganic phosphate by a modification of the method of Fiske and Sub 
barow (3). 

In the modified Fiske and Subbarow method referred to, 1 ml. of acid- 
molybdate reagent (5 gm. of ammonium molybdate plus 100 ml. of 10 N 
sulfuric acid diluted to 200 ml. with water) and 1 ml. of reducing reagent 
(14.25 gm. of sodium bisulfite, 0.25 gm. of 1-amino-2-naphthol-4-sulfonic 
acid, and 10 ml. of 5 per cent sodium sulfite solution made up in 80 ml. of 
water, dissolved, and diluted to 250 ml.) are added to 10 ml. of sample solu- 
tion containing between 0.1 and 1.0 micromole of inorganic phosphate. 
After 10 minutes at room temperature, the blue color developed is compared 
in the Evelyn colorimeter at a wave-length of 660 my with the color pro 
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duced by standard samples of inorganic phosphate. Labile phosphate, if 
p-sent in the sample, is completely hydrolyzed and appears as inorganic 
phosphate. 

The separation of true inorganic and labile phosphates, and their con- 
comitant determination, were effected by the following procedure: The 
sample solution was adjusted to contain 5 to 10 micromoles of total true 
inorganic and labile phosphates in 1 ml. of solution at pH 6.5. 1 ml. of this 
solution was placed in a 15 ml. conical centrifuge tube. To it were added 
1 ml. of ammonium acetate buffer reagent (a solution 0.5 m with respect to 
ammonium hydroxide and 0.05 M with respect to NaHCOs, adjusted to pH 
8.5 with acetic acid) and 4 ml. of 1.0 M calcium chloride in 95 per cent ethyl 
alcohol. The resulting precipitate of calcium carbonate and inorganic 
phosphate was allowed to flocculate for 5 to 7 minutes. The tube was then 
centrifuged for about 5 minutes. The supernatant liquid was poured off, 
and the precipitate was washed on the centrifuge with 2 ml. of alcoholic 
calcium chloride solution. All of the above operations were carried out in 
the cold (0-5°) to minimize hydrolysis of acetyl phosphate. The precipi- 
tate was dissolved with a drop of concentrated hydrochloric acid and di- 
luted to a suitable volume. In this solution inorganic phosphate was 
determined by the Fiske and Subbarow method as described; the value thus 
obtained was assumed to represent the content of true inorganic phosphate 
in the sample. At the same time, the Fiske and Subbarow method was 
applied directly to a suitable aliquot of the original sample solution; the 
value thus obtained was assumed to represent the sum of the true inorganic 
plus labile phosphate content in the sample solution. Labile phosphate 
content was then calculated by difference. 

Several experiments were conducted to check the accuracy of this sepa- 
ration procedure. The observation by Lipmann?* that the coprecipitation 
of calcium carbonate is necessary for complete precipitation and flocculation 
of calcium phosphate was verified. It was found that inorganic phosphate 
was precipitated 97 to 100 per cent under the conditions given. In order to 
determine the action of labile phosphate in this course of procedure, a 
sample of disilver acetyl phosphate* was converted to the sodium salt by 
shaking in the cold with sodium chloride solution. It is probable that some 
hydrolysis of the acetyl phosphate occurred during the process. The re- 
sults of recoveries on this solution are given in Table II. When applied to 
enzyme reaction mixtures, experience indicated that this separation proce- 
dure gave slightly low values for labile phosphate if the ratio of inorganic 
phosphate to labile phosphate was greater than 4.0, and slightly high values 


* Private communication 
* We are indebted to Fritz Lipmann for generous gifts of disilver acety] phosphate, 
and for helpful advice in this work. 
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if the ratio was less than 0.3. In the latter case and in other cases when 
advisable, known quantities of inorganic phosphate were added to the sam- 
ple to bring the ratio to 1.0 to 1.3 before the assay was repeated. 

The 7 minute and stable ester phosphates were determined as follows: 
By calculation from the amount of inorganic phosphate originally added to 
the reaction mixture, and the amount of true inorganic and labile phosphate 
found in the mixture after ‘reaction, the approximate amount of 7 minute 
plus stable ester phosphate in the sample was determined. The sample 
was diluted to contain approximately 10 micromoles of total phosphates in 
1 ml. of solution at pH 6.5. To 1 ml. of this solution, 1 ml. of 2.0 N hydro- 
chloric acid was added, and the solution was placed in a steam bath for 
exactly 7 minutes and cooled. Inorganic phosphate was then determined 
in this solution by the modified Fiske and Subbarow method described pre- 


Tasie II 
Recovery of Acetyl Phosphate in Presence of Inorganic Phosphate 
The sample contained the indicated amounts of added inorganic phosphate and 
acetyl phosphate preparation in 1 ml. at pH 6.5. 


Total phosphate added Labile phosphate 


ee Ee as acetyl Total phosphate pptd in acetyl phosphate 
phosphate preparation preparation 
micromoles micromoles micromoles per cent 
8.0 1.76 8.40 77.3 
6.0 3.52 6.88 75.0 
5.0 4.40 6.20 72.7 
4.0 5.28 5.40 73.5 
2.0 7.03 4.07 70.5 
0.0 8.80 2.62 70.2 


viously. 7 minute phosphate was calculated by subtracting the sum of 
labile plus inorganic phosphate, previously determined, from the inorganic 
phosphate found in this determination. Stable phosphate was calculated 
by subtracting the sum of inorganic, labile, and 7 minute phosphates from 
the amount of inorganic phosphate originally added to the reaction mixture. 

Determination of Silver-Precipitable Volatile Acids—This procedure was 
applied to enzyme reaction mixtures after protein precipitation with tr- 
chloroacetic acid and neutralization or to purified labile phosphate solu- 
tions. The sample was adjusted to contain 16 to 20 micromoles of labile 
phosphate in 2.0 ml. of solution at pH 6.5. To 2.0 ml. of this solution, 13 
ml. of 95 per cent ethyl alcohol and 200 micromoles of silver nitrate in 0.2 
ml. of solution were added. The resulting precipitate was centrifuged out, 
washed twice with 4 ml. portions of 95 per cent ethyl alcohol, and taken up 
in 5.0 ml. of 0.1 N sulfuric acid. This suspension was steamed for 15 
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minutes in a stoppered tube, cooled, diluted to 30 ml., and subjected to 
Duclaux distillation. 

For this distillation the entire hydrolysate was placed in an all-glass dis- 
tillingapparatus. The first 5.00 ml. of distillate, containing carbon dioxide, 
was discarded. The two succeeding 10.00 ml. portions were heated just to 
a boil, cooled rapidly, and titrated to a phenol red end-point with standard 
0.01 N barium hydroxide solution. The content of acetic and butyric acids 
in the sample was then calculated by the usual method (4). The rate of 
distillation was adjusted so that, after rejection of the first 5 ml. of distillate, 
the following 10 ml. portion was delivered in 7.5 minutes. Before analyses 
of samples, the apparatus was calibrated with standard solutions of acetic 
and butyric acids under the same conditions, and consistently gave recov- 
eries of 96 to 100 per cent on mixtures of these two acids. 

At all times solutions believed to contain acetyl phosphate were kept cold, 
in an ice bath or preferably frozen; when possible, to minimize hydrolysis. 

Phosphate Balances in Presence and Absence of Glucose—In earlier work, 
attempts to detect the formation of a stable phosphorylation product in 
pyruvic acid fermentations by cell-free extracts of Clostridium butylicum 
had failed. Apparently any labile phosphates produced had been hy- 
drolyzed during the determination of inorganic phosphate, and had escaped 
detection. However, application to fermented liquors of the above method 
for concomitant determination of labile and true inorganic phosphate indi- 
cated that labile phosphate was indeed produced, at the expense of inor- 
ganic phosphate. Lipmann reported that enzyme preparations used in this 
work would also catalyze the phosphorylation of added glucose during 
pyruvic acid fermentation, with the accumulation of stable ester phosphate. 
The magnitude of these reactions was studied in the following phosphate 
balances of pyruvic acid fermentation in the presence and absence of glu- 
cose. 

The reaction was carried out in the usual manner (1). After reaction, 
the contents of the flasks were washed into 15 ml. conical centrifuge tubes 
and diluted to 5 ml. with water. Proteins were precipitated by the addi- 
tion of 1 ml. of 1.0 m trichloroacetic acid to each tube. After immediate 
centrifugation, the supernatant liquids were rapidly adjusted to pH 6.5 
with 1 N sodium hydroxide solution and diluted to 10 ml. On these 
solutions the indicated determinations were made. The results are given 
in Table IIT. 

In the absence of glucose, inorganic phosphate was taken up and appeared 
as labile phosphate esters. In the presence of glucose, the reaction rate 
increased 133 per cent; inorganic phosphate was again taken up, but ap- 
peared as stable ester phosphate plus 7 minute phosphate instead of as 
labile phosphates. Because the esters in this case were probably a mixture 
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of hexose phosphate esters whose character is not of great importance to 
the present study, they were not characterized further. 

Indications of Character of Labile Phosphate—As mentioned previously 
(1), the fermentation of pyruvic acid by cell-free extracts of Clostridium 
butylicum appears to be somewhat similar to the oxidation of pyruvic acid 
catalyzed by enzyme systems prepared by Lipmann (5) from cells of Lac- 
tobacillus delbrueckii. The discovery that labile phosphate is formed in the 
former reaction leads naturally to the supposition that acetyl phosphate, 
isolated by Lipmann (6) in the oxidation reaction, is also an intermediate 
labile phosphate ester in the fermentation reaction. 

The isolation of labile phosphate from fermentation mixtures for rigid 
characterization was attempted and was unsuccessful. Pyruvic acid dis- 


Taste III 
Phosphate Balance of Pyruvic Acid Fermentation in Presence and Absence of Glucose 


The Warburg flasks contained 97 micromoles of inorganic phosphate and 30 mg. 


of dry enzyme powder; pH 6.5. Total volume, 2.8 ml. KOH in the center cup. 


Reaction time, 60 minutes. All values are expressed in micromoles 


Flask No. Pyruvate Glucose Hydrogen Inorganic Labile 7 minute Stable 
added added evolved phosphate phosphate phosphate | phosphate 

] 0 0 —0.4 94 2 3 —2 

2 0 0 —0.2 94 3 4 —4 

3 50 0 14.4 81 14 4 —2 

4 50 0 14.2 81 13 7 —4 

5 0 150 —0.3 92 2 2 l 

6 0 150 —0.3 91 3 1 4 

7 50 150 34.9 53 3 11 30 

3 ll 29 


8 50 150 31.4 54 


similation by cell-free extracts under the conditions described previously (1) 
is slow, and the amounts of labile phosphate obtained are too small and 
solutions are too dilute for such isolation; furthermore, labile phosphate is 
relatively unstable at incubation temperature. In order to force reasonably 
rapid reaction, it was necessary to use great excesses of inorganic phosphate 
in the reaction mixtures. The resulting problem of separating the excess 
inorganic phosphate from labile phosphate proved difficult. Precipitation 
of inorganic phosphate with calcium nitrate in the concentrated reaction 
mixtures which were obtained resulted in coprecipitation and loss of much 
labile phosphate, and purified solutions of labile phosphate hydrolyzed with 
such ease that satisfactory separation from inorganic phosphate could not 
be effected. 

However, indications of the character of the labile phosphate were 
secured by precipitating purified labile phosphate solutions with silver, 
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regenerating the sodium salts, and hydrolyzing these with acid. The vola- 
tile acid content of the hydrolysates was then correlated with the labile 
phosphate content of the sodium salt solution. It was shown that added 
volatile acids were not precipitated with silver under these conditions, and 
that no volatile acids could be detected in analogous silver precipitates from 
blank reaction mixtures in which no fermentation had taken place. 

To obtain labile phosphate for this purpose, pyruvic acid fermentation 
was carried out in the usual manner, but in a Warburg flask of about 115 
ml. capacity. The manometer was filled with mercury. The reaction mix- 
ture consisted of 4000 micromoles of inorganic phosphate, 800 micromoles 
of sodium pyruvate, and 500 mg. of dry enzyme powder, at pH 6.5 in a 
volume of 19 ml. KOH was placed in the center cup. After 140 minutes 
incubation the contents of the flask were removed and diluted with washing 
to 23 ml. To precipitate proteins, 3 ml. of 1.0 m trichloroacetic acid were 
added, and the suspension was immediately centrifuged. The supernatant 
liquid was adjusted to pH 6.7 with 1 m sodium hydroxide solution. The 
total volume of 32 ml. contained 2820 micromoles of inorganic phosphate 
and 280 micromoles of labile phosphate. 

To remove inorganic phosphate, 3000 micromoles of calcium nitrate in 
3 ml. of solution were added, and the pH was readjusted to 6.5 with 1 N 
sodium hydroxide solution. The resulting calcium phosphate precipitate 
was centrifuged out. Much labile phosphate had coprecipitated. The 
volume was adjusted to 19 ml. This solution contained 123 micromoles of 
labile phosphate and 63 micromoles of inorganic phosphate. To 15 ml. of 
this solution 60 ml. of 95 per cent ethyl alcohol and 550 micromoles of silver 
nitrate in 1.1 ml. of solution were added. The resulting silver precipitate 
was washed once with 10 ml. and once with 6 ml. of alcohol. The precipi- 
tate was suspended in 10 ml. of 0.044 N sodium chloride solution (containing 
one-thirtieth of the chloride ion as hydrochloric acid in order to attain pH 
6.5 to 7.0 after the cation exchange) and shaken well. The suspension was 
centrifuged, and the supernatant liquid containing sodium salts of labile 
phosphate at pH 7.0 was diluted to 12 ml. Assay indicated that this solu- 
tion contained 59 micromoles of labile phosphate and 22 micromoles of in- 
organic phosphate. To 6.7 ml. of this solution (33 micromoles of labile 
phosphate) 205 micromoles of silver ion in 5.7 ml. of silver sulfate solution 
and 5.0 ml. of 0.1 N sulfuric acid solution were added. The resulting sus- 
pension was steamed in a stoppered tube for 10 minutes to hydrolyze the 
labile phosphates and cooled. The precipitate of silver chloride was centri- 
fuged out; the supernatant liquid gave no further precipitate when tested 
with a drop of silver sulfate solution. The supernatant liquid was diluted 
to 40 ml. and subjected to Duclaux distillation. 

The sample was adjusted to contain 30 to 40 micromoles of volatile acids, 
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36 micromoles of silver ion as silver sulfate, and 5.0 ml. of 0.1 N sulfuric acid, 
in 40 ml. of solution. After 5 ml. of distillate were discarded, three (instead 
of two) succeeding 10 ml. portions were titrated as before. The apparatus 
had been previously calibrated with standard solutions of acetic, butyric, 
valeric, and isovaleric acids under identical conditions. 

The titration values obtained in the distillation of the labile phosphate 
hydrolysate did not conform to the volatility of acetic acid alone; approxi- 
mately one-third of the volatile acid present was more volatile than acetic 
acid. Since butyric acid is a normal product of glucose dissimilation by 
Clostridium butylicum, it was believed that butyric acid might also be pres- 
ent. Therefore, the distillation results were recalculated on the assump- 
tion that the volatile acid distilled was a binary mixture of acetic and 


TasBie IV 
Identification of Silver-Precipitable Volatile Acids by Duclaux Distillation 
Results of Duclaux distillation calculated from titratable acidities of Fractions I, 
II, and III for the following combinations of volatile aliphatic acids 


Micromoles of acid in Ag ppt. calculated from 
Acids assumed ° 
present Fractions I Fractions I Fractions II 

and II and III and Ill 
Acetic and Acetic acid 23.6 24.7 24.3 
butyric Butyric ‘“‘ 12.4 12.1 12.0 
Total 36.0 36.8 36.3 
Acetic and Acetic acid 31.7 8 .6 27.9 
valeric Valeric ‘ or 9.2 2.0 
Total 39.4 37.8 39.9 
Acetic and Acetic acid 34.1 29.3 28.9 
isovaleric Isovaleric acid 6.4 8.5 13.5 
5 37.8 42.4 


Total 40.: 


butyric acids. Results of separate calculations involving all possible com- 
binations of two titration values (4) agreed well. Similar calculations 
based on the assumption that a binary mixture of acetic and of several other 
more volatile acids was present disagreed widely. The results of these 
ealculations are given in Table IV. 

It was, therefore, assumed that the mixture of volatile acids in the labile 
phosphate hydrolysate consisted chiefly of acetic and butyric acids. Thus 
the aliquot containing 33 micromoles of labile phosphate also contained, 
after hydrolysis, 24.2 micromoles of acetic acid and 12.2 micromoles of 
butyric acid. 

To show that the presence of silver-precipitable acetic and butyric acids 
in the purified labile phosphate preparations was associated with the fer- 
mentation of pyruvic acid and that such acids were not present before fer- 
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mentation, a control experiment was performed. A blank enzyme reaction 
mixture was prepared containing 2000 micromoles of inorganic phosphate, 
400 micromoles of acetic acid, and 250 mg. of dry enzyme powder, at pH 
6.5 in 9.5 ml. of solution. This reaction mixture was intended to simulate 
the fermented enzyme reaction mixture from which the labile phosphate 
solutions in previous experiments had been prepared. Since no fermenta- 
tion had occurred in this control mixture, there should have been no 
accumulation of labile phosphate, and no acetic or butyric acids should be 
found in analogous silver precipitates. On this mixture an exactly analo- 
gous procedure for preparing labile phosphate solution was carried out. 
Both the labile phosphate and silver-precipitable volatile acid contents of 
this solution were determined. None of either could be detected. 

Silver acetate and butyrate are sparingly soluble in water; thus it might 
be possible that these salts were merely precipitated as such from the puri- 
fied labile phosphate preparations, since no separation of labile phosphate 
from acetic and butyric acids originally occurring in the fermented reaction 
mixture had been made. That any acetic acid present was not precipitated 
under the conditions existing during the silver precipitation has been shown 
by the control experiment just described. That any butyric acid present 
similarly was not precipitated was shown by a second experiment. A labile 
phosphate solution was prepared as has been described. A 2 ml. aliquot of 
this solution had been found to contain 18.5 micromoles of labile phosphate, 
11.23 micromoles of silver-precipitable acetic acid, and 4.90 micromoles of 
silver-precipitable butyric acid. To a second 2 ml. aliquot, 10 micromoles 
of sodium butyrate in 0.2 ml. of solution at pH 6.5, and to a third 2 ml. ali- 
quot 0.2 ml. of water were added. The solutions were assayed for silver- 
precipitable volatile acids. It was found that in the second aliquot 8.90 
micromoles of acetic acid and 5.03 micromoles of butyric acid, and in the 
third aliquot 9.36 micromoles of acetic and 4.98 micromoles of butyric acids, 
were precipitated with silver. The difference between these values is 
within experimental error, and it was therefore assumed that none of the 
added butyric acid had been precipitated. 

These experiments indicate that the acetic and butyric acids precipitated 
with silver from purified labile phosphate solutions were not present as such, 
that their presence is related to the production of labile phosphate in the 
pyruvic acid fermentation reaction, and that they may be present as acetyl 
and butyryl phosphates. 

Source of Silver-Precipitable Butyric Acid—After the indication that 
acetyl and butyryl phosphates may be formed in the fermentation reaction 
was established, the chemical mechanism by which silver-precipitable 
butyric acid arises was studied. The enzyme preparation had a pronounced 
butyric acid odor; a transphosphorylation reaction between butyric acid 
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contained in the enzyme preparation and acetyl phosphate formed in the 
reaction, to yield butyryl phosphate and acetic acid, was postulated. This 
reaction would yield acetic acid and butyryl phosphate. 

This possibility was investigated in the experiment outlined in Table V. 
In the presence of enzyme extract, acetyl phosphate was incubated both 


TABLE V 
Source of Silver-Precipitable Butyric Acid 
All solutions adjusted to pH 6.5 before addition. Gas phase, hydrogen. Tem- 


perature, 37°. Reaction begun by tipping enzyme suspension from side arm into 
main compartment. Incubation time, 30 minutes. No KOH in the center cup. 





Flask 1 Flask 2 Flask 3 
Active Endogenous Control 





Part I. Initial additions 


Volume of reaction mixture 3.3 ml. 


Sodium acetyl phosphate 150 um 150 uM 0 uM 
butyrate... wes vais 150 ‘ oe * 150 ‘ 
Enzyme preparation............. 100 mg. 100 mg. 100 * 


Part II. Additions after protein pptn. with trichloroacetic acid 





Sodium acetyl] phosphate 0 uM 0 uM 150 uM 
butyrate.... he 150 * he 
Water ; Sufficient to make up to 7.0 ml. 





Part III. Results 











micromoles micromoles micromoles 

Gas evolved (as CO) +2.07 | +0.44 | +5.31 
Phosphate distribution* | 

Inorganic phosphate 59.9 | 60.0 | 57.5 | 61.8 | 32.2 | 32.3 

Labile phosphate 82.0 | 81.0 | 78.5 | 74.5 | 104.2 | 104.1 
Volatile acids in silver ppt.* 

Acetic acid 34.6 | 37.8 | 45.4 | 45.7 | 89.0 91.3 

Butyrie “‘ veceeeees| 25.1 | 23.8 | 13.3 | 13.1 | —1.2 | —1.4 

Total volatile acids oad 59.7 | 61.6 | 58.7 | 58.8 87.8 89.9 

Micromoles volatile acid per mi- 

cromoles labile P............. 0.733) 0.756) 0.765) 0.767| 0.848} 0.862 





* Duplicate determinations are given. 








with (Flask 1) and without (Flask 2) added butyric acid. In the control 
(Flask 3), acetyl phosphate was not added to the reaction mixture until 
after the enzyme preparation had been inactivated; this procedure was 
intended to prevent the endogenous transphosphorylation evident in Flask 
2. The initial reaction mixtures given in Part I of the table were incubated 
in Warburg flasks as described. After incubation the contents of each flask 
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were removed and diluted to 5.0 ml. by washing. Proteins were precipi- 
tated and enzymes were inactivated by adding 1 ml. of 1.0 m trichloroacetic 
acid. At this time, before the resulting precipitate was centrifuged out, 
the additions indicated in Part If were made. These additions were in- 
tended to produce the same concentrations of butyric acid and labile phos- 
phate in all of the reaction mixtures, so that subsequent silver precipitations 
would occur under comparable conditions in active and control samples; 
however, because the acetyl phosphate in the enzyme-containing reaction 
mixtures of Flasks 1 and 2 was subjected to incubation temperature and the 
action of phosphatases during incubation, while the acetyl phosphate now 
added to the reaction mixture of Flask 3 had been kept cold and separate, 
the labile phosphate level in Flask 3 was higher during the silver precipita- 
tion than the level in Flasks 1 and 2. The protein precipitates were 
immediately removed by centrifuging, and the supernatant liquids were 
adjusted to pH 6.5 with 1 n sodium hydroxide solution. The solutions 
were diluted to 8.0 ml. and assayed for labile phosphate and silver-precipi- 
table volatile acids. 

The results of this experiment are given in Part III of Table V. No 
butyric acid was found in the silver precipitate from the reaction mixture 
in which the enzyme preparation was inactivated before the addition of 
acetyl phosphate, and the addition of butyric acid to the incubated reaction 
mixture resulted in a large increase in the amount of silver-precipitable 
butyric acid. These results indicate that an exchange of the phosphate 
group of acetyl phosphate and butyric acid had taken place. 

It might be assumed that the butyryl phosphate was produced by con- 
densation and reduction of 2 acetyl phosphate molecules. In the above 
experiment in which acetyl phosphate was incubated with enzyme prepara- 
tion under molecular hydrogen, this would have been indicated by gas 
uptake during incubation. Instead there was slight gas evolution. There- 
fore, unless the necessary reductive hydrogen was provided by a suitable 
hydrogen donor in the enzyme preparation, such condensation and reduction 
did not occur. 

DISCUSSION 


Intermediate phosphorylation apparently occurs in the fermentation 
of pyruvic acid by cell-free preparations of Clostridium butylicum. In- 
organic phosphate is taken up in the reaction, and labile phosphate appears. 
In the presence of glucose, stable ester phosphate is produced in place of 
labile phosphate. The demonstration of this series of intermediate phos- 
phorylations suggests that fermentative energy utilization in this butyric 
acid anaerobe is in accord with the current concept (7, 8) that the energy 
of carbohydrate dissimilation by living cells is utilized by means of the 
generation and hydrolysis of high energy phosphate bonds. 
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The data of Table III and of the previous paper (1) are consistent with 
the assumption that the reaction taking place is 


Pyruvate” + H.PO, = CO, + H; + acetyl phosphate™ 


In the presence of compounds (such as butyric acid or glucose) capable 
of functioning as phosphate acceptors, a transphosphorylation occurs. 
From the estimations made by Kalckar (7) it is apparent that the decom- 
position of pyruvate into acetate, carbon dioxide, and hydrogen involves, 
at pH 7 and when reactants and products are present at equal concentra- 
tions, a free energy change of approximately 10,000 calories. Although 
the free energy of formation of acetyl phosphate is not accurately known, 
generally accepted values for the energy of a carboxyl phosphate bond 
are also in the neighborhood of 10,000 calories. The experimental data 
also indicate that we are dealing with an over-all reaction involving very 
little energy change. A relatively high concentration of inorganic phos- 
phate must be present in order to obtain a satisfactory reaction rate. The 
reaction rate is also much increased when glucose is the ultimate phosphate 
acceptor. (The phosphate bond energy in hexose phosphates is much 
less than that in carboxyl phosphates.) 

Both of these observations suggest that the equilibrium position of the 
reaction is such that maximum reaction velocity in a positive direction 
is obtained only when reactant concentration is much higher than product 
concentration. 

Rigid characterization of the labile phosphate produced in the pyruvie 
acid fermentation reaction has not been achieved because of inability to 
isolate the labile phosphorus compound. However, indications of the 
presence of acetyl and butyryl phosphates have been obtained. These 
are as follows: Purified labile phosphate solutions from pyruvic acid fer- 
mentation reaction mixtures contain amounts of silver-precipitable acetic 
and butyric acids which correlate reasonably with the labile phosphate 
content of the solutions. Similar solutions obtained from blank fermenta- 
tion reaction mixtures in which no fermentation has taken place do not 
contain silver-precipitable volatile acids. Added acetic and butyric acids 
are not precipitated by the silver treatment. Finally, incubation of acetyl 
phosphate with butyric acid in the presence of enzyme extract results in 
the formation of silver-precipitable butyric acid in the reaction mixture. 

The apparent ability of the enzyme preparation to catalyze trans- 
phosphorylation between acetyl phosphate and butyric acid to produce 
butyryl phosphate suggests that butyryl phosphate may play an inter- 
mediary réle in the production of butyric acid and butyl alcohol by Clos 
tridium butylicum. 

The production of labile phosphate, apparently acetyl phosphate, is a 
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point of similarity between pyruvic acid fermentation by preparation of 
Clostridium butylicum to acetic acid, carbon dioxide, and hydrogen, and 
by preparations of Escherichia coli to acetic and formic acids (9) and pyruvic 
acid oxidation by preparations of Lactobacillus delbrueckii (5). 


SUMMARY 


1. The preparation from Clostridium butylicum of a large supply of cell- 
free dried water extract of frozen cells which catalyzes pyruvic acid fermen- 
tation is described. 36 per cent of the activity of the frozen cells was 
recovered in the dried extract. 

2. Phosphate balances of the fermentation of pyruvic acid by enzyme 
extract in the presence and absence of glucose are given. In the absence 
of glucose, inorganic phosphate is taken up and appears as labile phosphate, 
but no stable phosyphorylation product accumulates. In the presence 
of glucose, no labile phosphate accumulates, but inorganic phosphate is 
taken up and appears as stable ester phosphate. 

3. Attempts to isolate labile phosphate from the fermentation mixture 
were unsuccessful. Silver-precipitable acetic and butyric acids were 
present in purified labile phosphate preparations. Apparently the labile 
phosphate is a mixture of acetyl and butyryl phosphates. 

4. Silver-precipitable butyric acid, apparently butyryl phosphate, arises 
by incubation of acetyl phosphate with butyric acid in the presence of 
enzyme extract. An exchange of the phosphate group of acetyl phosphate 
appgrently occurs between acetyl phosphate and butyric acid to yield 
acetic acid and butyryl phosphate. 
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HY DROXYLEUCINES 


By H. D. DAKIN 


(From Scarborough-on-Hudson, New York) 
(Received for publication, April 15, 1944) 


The following paper is chiefly concerned with the synthesis of y-hydroxy- 
leucine and the description of some of its derivatives. The immediate 
reason for interest in this amino acid is as follows. In the course of frac- 
tionating, under conditions referred to below,' a quantity of amino acids 
from casein, a small amount of a substance was fortuitously isolated which 
appeared to be homogeneous and which could not be identified with any 
known amino acid. Analysis consistently indicated the formula CsHijgsNOs; 


1 The following notes regarding the unidentified substance are obviously incom- 
plete and are only recorded in the hope that they may possibly be of use to later 
workers. In the course of fractionating a mixture of monoamino acids and a larger 
proportion of dicarboxylic amino acids from casein, so called ‘‘pure’’ commercial 
casein purchased from Eimer and Amend, use was made of precipitation with silver 
nitrate and sodium hydroxide. On decomposition of the sparingly soluble silver 
salts with hydrogen sulfide and concentration of the filtrate under diminished pres- 
sure, the product was found to contain significant amounts of nitrate. The vacuum- 
dried product was repeatedly extracted with alcohol which dissolved most of the 
nitrate in combination with monoamino acids. The nitrate was removed by precipita- 
tion of the amino acids with mercuric acetate and sodium carbonate. The amino 
acids were then converted into copper salts and a little phenylalanine was removed 
as the sparingly soluble salt. On removal of copper from the soluble salts and con- 
centration, crystallization slowly took place. The crude product, only about 3 gm. 
from 2.5 kilos of casein, still contained a trace of phenylalanine which was eventually 
removed by repeated recrystallization from aqueous alcohol. (Evaporation with 
concentrated nitric acid followed by treatment with ammonia gives a strong orange- 
yellow color if phenylalanine or tyrosine is present.) The melting point of the repeat- 
edly recrystallized substance was 248-250°; it dissolved in less than half its weight of 
hot water and was insoluble in aleohol. Three analyses of different preparations fell 
within the following limits, C 48.3 to 49.1, H 8.40 to 8.80, N 9.63 to 9.77. Calculated 
for CsH;;NO;, C 49.0, H 8.84, N 9.52. Amino nitrogen (Van Slyke) 9.60. Feebly 
levorotatory in aqueous solution changing to dextro on addition of HCl. Periodate 
oxidation negative, iodoform negative, traces of acetone with K,Cr,0;; copper salt 
clear blue and very soluble; Reinecke, flavianic acid, naphthalene-s-sulfonic acid, and 
picric acid all negative. Phosphotungstic acid yields a precipitate immediately in 
0.3 per cent solution and slight precipitation on standing in 0.2 percent. Reduction 
with hydriodic acid and phosphonium iodide at 140° gave /-leucine showing dextro- 
rotation in acid solution. CsH,;NO, calculated, C 55.0, H 9.92, N 10.7; found, C 55.2, 
H9.8,N 10.3. The leucine was converted into the uramino acid, m.p. 214°, showing 
no depression of melting point when mixed with an authentic specimen from /-leucine. 
Up to the present, efforts to simplify the preparation of additional quantities of the 
amino acid have had scant success. 

549 








550 HYDROXYLEUCINES 


and the whole of the nitrogen was in the amino form. The substance wag 
neutral in reaction and formaldehyde titration indicated one carboxyl 
group. No evidence of a lactone grouping could be obtained, so that the 





inference seemed clear that a hydroxyamino acid was present. On redue- | 


tion with hydriodic acid (sp. gr. 1.96) and phosphonium iodide at 140°, an 


amino acid CgsH,;N Oy, was obtained in about 50 per cent vield and was iden- 


tified as l-leucine. This in turn was converted into the uramido acid and 
found identical in composition and mixed melting point with the substanee 
prepared from authentic /-leucine, thus definitely excluding the possibility 
of a derivative of nor- or tsoleucine, which melt at much lower temperatures, 
The evidence thus far conformed to the view that the unknown substance 
was a hydroxyleucine. On oxidation with periodic acid as described by 
Van Slyke, Hiller, and MacFadven (1) practically none (0.2 per cent) of the 
nitrogen was liberated as ammonia, so that the 8 position for the hydroxy 
group (I) appeared ruled out, leaving the y-hydroxyleucine (II) and 6-hy- 
droxyleucine (III) still to be considered. The synthesis of dl-y-hydroxyleu- 
cine is described in the following pages and it may be stated at once that, 


COOH COOH COOH 

| | 

CHNH, CHNH, CHNH, 

| | | 

CHOH CH, CH, 

CH COH CH 

H,C CH, H.C. ‘CH HC ‘CH.OH 

(D (ID (IID 


while it shows many resemblances to the unknown amino acid, the differ- 
ences are too great to support the view that it represents the optically 
inactive form of the active natural amino acid. For example the melting 
point of y-hydroxyleucine is 226-228° compared with 248-250° for the 
natural acid. Flavianic acid gives a sparingly soluble salt with y-hydroxy- 
leucine, but the flavianate of the natural acid is extremely soluble. The 
copper salt of y-hydroxyleucine is only moderately soluble in cold water and 
crystallizes in long blue needles with a marked violet tinge, while the copper 
salt of the natural acid is pure blue in color and is very soluble in water. 
Reinecke acid gives a rather soluble reineckate of y-hvdroxyleucine crystal- 
lizing in long needles, while the amino acid from casein gives no precipitate. 
Naphthalene-8-sulfonic acid gives a fairly soluble crystalline nasylate with 
y-hydroxyleucine but no precipitate with the natural amino acid. 

The behavior of the two amino acids with phosphotungstic acid has some 
points of interest. It may be recalled that Sérensen (2) showed that 
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a-amino-é-hydroxy-n-valeric acid was slowly precipitated by phosphotung- 
stic acid, while Fischer and Zemplén (3) found that 6-amino-a-hydroxyval- 
eric acid showed the same behavior and surmised that slow conversion of the 
amino acid into 6-hydroxvpiperidone was a necessary part of the reaction. 
On addition of phosphotungstic acid to even a concentrated solution (5 per 
cent) of y-hydroxyleucine, there is no immediate precipitate but after some 
minutes large exceptionally well formed glistening needles separate. The 
same finely crystalline phosphotungstate is obtained from solutions as dilute 
as 0.3 per cent but only after standing several days. On the other hand the 
amino acid from casein gives an immediate oily precipitate, in concentra- 
tions of 0.3 per cent and greater, which on standing is converted into small 
needles. One further difference between the two amino acids may be cited. 
On destructive distillation, the natural amino acid yields vapors giving a 
strong pyrrole reaction, whereas y-hydroxyleucine gives a virtually negative 
result. 

It is obvious from the foregoing that the synthesis of 6-hydroxyleucine for 
comparison with the natural acid is highly desirable. Some few attempts 
have been unsuccessful and, while the writer hopes to continue these ex- 
periments, he expressly disavows any possible claim to priority. 

In view of the extreme ease with which y-hydroxyisocaproic acid is con- 
verted into isocaprolactone even at room temperature (4), it is interesting 
to note that y-hvdroxvleucine does not readily yield a-aminoisocaprolactone 

[V) either in hot aqueous solution or on boiling with hydrochloric acid. 
On the other hand the pheny! isoevanate derivative of y-hydroxyleucine 


CoO COOH 
J | | 
r CHNH, CH—NH—CO—NH—C.Hs 
O | | 
. CH, CH, 
Nel | 
C COH 
r oes, F rte 
H;C CH; H;C CH; 
(IV) (V) 


CO 


J | 
/ CHNH—CO—NHC,H; 


O | 
a CH, 
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H;C CH; 
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(V) is promptly converted into its lactone (VI). Whether the preceding 
facts constitute evidence in favor of the zwitter ion theory of the structure 
of a-amino acids according to which the carboxyl group would be less 
available for lactone formation is a matter of speculation. 


EXPERIMENTAL 


The method finally adopted for the synthesis. of y-hydroxyleucine con- 
sists in the condensation of isobutylene oxide and acetylaminomalonic 
diethyl ester, followed by hydrolysis, as shown in the accompanying 
reactions. Traube and Lehmann (5) had already investigated the conden- 


CH; O COOC.H; 
\ 
C———-CH: + CHNH—CO—CH;: -— 
4 
CH; COOC:2H; 
CH; COOC:Hs; 


C(OH)—CH:—CH—NH—CO—CH, -—— 
CH; COOC,H; 
CH; 
C(OH)—CH,—CH(NH;)—-COOH 


CH; 


sation of unsubstituted malonic ester with ethylene oxide and with epichlor- 
hydrin, the product from the latter serving as starting material for Leuch’s 
synthesis of hydroxyprolines. The condensation of acylaminomalonic 
esters with alkylene oxides, so far as the writer knows, has not been previ- 
ously investigated and should prove a useful method for the synthesis of 
y-hydroxy-a-amino acids. 

A few preliminary experiments showed that the condensation proceeded 
unsatisfactorily under the conditions chosen by Traube and Lehmann, 
which consisted of adding a molecular proportion of an alcoholic sodium 
ethylate solution to the ester, followed by addition of the alkylene oxide to 
the resulting sodium malonic ester. Nor was the use of smaller amounts of 
sodium ethylate as a catalyst any more successful. Further experiments 
showed that dry sodium methylate with or without the use of dioxane as 
diluent gave satisfactory results, although there is no reason to believe that 
the conditions to be described are not capable of further improvement. 
Acetylaminomaloniec ester? (43.4 gm. = 0.2 mole) in a round bottom flask 


? For generous supplies of acetylaminomalonic ester I am indebted to Merck and 
Company, Inc., through the kind cooperation of Dr. R. T. Major and Dr. E. E. Howe. 
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with attached reflux condenser is mixed with excess of isobutylene oxide, 
at least twice and preferably three times the theoretical amount, diluted 
with an equal volume of dry dioxane. Dry sodium methylate (0.4 mole) is 
then added in four divided portions at hourly intervals while the contents of 
the flask are occasionally shaken and gently simmered over a water bath. 
Heating is continued for 6 to 8 hours. Water (50 ce.) is then added, fol- 
lowed by the cautious addition of hydrochloric acid (200 ec.). Hydrolysis 
is effected by boiling the mixture under a reflux for 16 to 20 hours in an oil 
bath. On cooling, the solution is filtered to remove a minute amount of oil 
and then concentrated under diminished pressure to remove as much hydro- 
chloric acid as possible. The residue is then treated with warm alcohol, the 
residual sodium chloride filtered off, and the filtrate again concentrated 
under diminished pressure, leaving a finely crystalline residue. It is desir- 
able to remove the sodium chloride as completely as possible, so that a 
second treatment of the residue with absolute alcohol is of advantage. After 
removal of aleohol, the residue is dissolved in water and treated in one of 
two ways. In the first of these the solution is boiled with excess of freshly 
precipitated lead hydroxide to remove the bulk of hydrochloric acid. The 
small amount of chloride remaining in the filtrate is removed by the cautious 
addition of silver acetate. After the material is filtered again, lead and 
silver are removed with hydrogen sulfide and the filtrate is concentrated 
under diminished pressure. The concentrated solution on slow evaporation 
is almost entirely converted into crystalline amino acid which is washed with 
alcohol before recrystallization. This method gives a larger yield of amino 
acid than the one to be next described but, unfortunately, the product is 
usually contaminated with more or less glycine derived from the hydrolysis 
of unchanged acetylaminomalonic ester. Since glycine is slightly less 
soluble in both water and aqueous alcohol than y-hydroxyleucine, recrystal- 
lization of the product is usually of little advantage. 

It has already been stated that y-hydroxyleucine gives a sparingly 
soluble flavianate and use has been made of this for the separation of the 
amino acid. The aqueous solution of the hydrochloride obtained as just 
described is precipitated with a concentrated solution of about 80 gm. of 
flavianic acid, when on cooling crystallization takes place rapidly. After 48 
hours in the ice box the soft crystals are filtered off and washed with ice 
water. They are then dissolved in hot water and decomposed by the 
addition of barium hydroxide dissolved in hot water. The barium hydrox- 
ide is added until a test portion reddens phenolphthalein paper, about 70 
gm. being required. The barium flavianate is filtered off and well washed. 
The slight excess of barium in the filtrate is quantitatively removed with 
sulfuric acid, and a little decolorizing carbon is added to remove the residual 
trace of flavianic acid. On concentration to small bulk, the y-hydroxyleu- 
cine separates out as large transparent nodular masses of needles which 
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become opaque on drying. The yield of once crystallized product amounts 
to about 50 per cent of the theoretical, that is from 14to16gm. The sub- 
stance was recrystallized for analysis by dissolving it in half its weight of 
hot water and adding several volumes of methyl alcohol. It separated as 
fine silky needles and was dried at 75° in a vacuum over phosphorus 
pentoxide. 


CsHy;NO;. Calculated. C 49.0, H 8.84, N 9.52 
Found. ** 48.8, “* 8.85, “ 9.61 


The amino nitrogen by Van Slyke’s method was 9.65. The amino acid, 
after sintering slightly at about 220°, melts sharply at 226—228° with vigor- 
ous effervescence, yielding a clear yellow-brown melt. The copper salt 
was prepared in the usual way by boiling an aqueous solution of the amino 
acid with copper carbonate. It crystallized very easily in exceptionally 
attractive long deep blue needles which on drying acquired a definite violet 
tinge. It is moderately soluble in cold water but very easily soluble in hot 
water and has the normal composition. The air-dried salt contains no 
water of crystallization. 
(CgH120;N)2Cu. Calculated, Cu 17.9, N 7.87; found, Cu 17.8, N 7.85 


The preparation of the flavianate has already been referred to. It is freely 
soluble in hot water and on cooling separates as fine soft lemon-yellow 
needles melting at 272-273°. 


CypH,OsN2S-CsgHisNOs. Calculated. C $1.7, H $.12, N 9.11 
Found. “2.” oon, Bae 


The pheny] isocyanate derivative of y-hydroxyleucine was prepared in the 
usual way. When the alkaline solution was acidified, precipitation was im- 
mediate and the product was recrystallized from a mixture of methyl 
alcohol and water. It crystallizes in needles and melts at 188-189° with 
slight previous softening. The analysis indicates that the substance is not 
a simple addition compound Ci3HigN2O, requiring C 59.9 and H 6.77, but 
that a molecule of water has been eliminated presumably through lactone 
formation. The action of hot hydrochloric acid on the compound is com- 
plicated and yields several products which have not been closely char- 
acterized. 
CysHyO:N2. Calculated, C 62.9, H 6.45; found, C 63.0, H 6.59 

The precipitation of the phosphotungstate of y-hydroxyleucine and also 
the reineckate melting at 167—170° have already been referred to and need 
no further comment. The amino acid does not give more than a very slight 


* Any contamination of y-hydroxyleucine with glycine is easily recognized by the 
much darker color of the melt. 
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iodoform reaction. Oxidation with potassium dichromate gives some ace- 
tone. Oxidation with periodic acid in alkaline solution gives virtually no 
ammonia (0.2 per cent of N), thus confirming the y position of the hy- 
droxy! group. 

Glycine Flavianate—In some of the earlier experiments on the preparation 
of y-hydroxyleucine in which use was made of flavianic acid for its precipi- 
tation, it was noted that on occasion, after the material had stood for some 
time, a flavianate separated with markedly different properties from those 
of the hydroxyleucine flavianate. It crystallized as a light lemon-yellow 
hard crust of needles and was identified as glycine flavianate. This seemed 
surprising in view of Langley and Albrecht’s (6) statement that, ‘““The simple 
a-amino acids did not yield flavianates readily, but did so under unusual 
conditions” and Crosby and Kirk’s (7) failure to secure a crystalline flavian- 
ate from glycine. However, glycine flavianate is easily obtained although 
its separation may be somewhat delayed unless scratching with a glass rod 
or seeding with a crystal is employed. When 0.75 gm. of glycine was dis- 
solved in 50 ec. of warm water and then 3.5 gm. of flavianic acid added, 
erystallization promptly followed. After the mixture had stood for 2 days 
in the refrigerator, the crystals were filtered off and weighed 2.30 gm.., 
equivalent to 60 per cent of the theoretical yield. The recrystallized mate- 
rial began to sinter above 235° and melted at 244-245° with effervescence, 
giving a deep brownish black residue. 

C,oHsOsN2S8-C2H;O.N. Calculated. N 10.8, NH.N 3.60 
Found. "ae, 4°." 3.65 


The solubility in water was determined at 17° and found to be 52.5 gm. per 
liter, equivalent to about 10 gm. of glycine per liter. In view of the easy 
precipitation of glycine by phosphotungstic acid (Sérensen), by silver salts 
(Kutscher), and by flavianic acid it might well be expected that the pres- 
ence of much glycine could prove a complicating factor in several of the 
methods currently used for the estimation of arginine. 

In conclusion it may be recorded that hydroxyproline may be synthe- 
sized by a reaction similar to that used for the synthesis of y-hydroxyleucine, 
epichlorhydrin being substituted for isobutylene oxide, but it is doubtful 
whether the method has practical advantages over known procedures. 
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COCARBOXYLASE HYDROLYSIS BY A WHEAT PHOSPHATASE 


By H. G. OBERMEYER, W. C. FULMER, anv J. M. YOUNG 


(From the Research and Analytical Laboratories of Merck and Company, Inc., 
Rahway, New Jersey) 


(Received for publication, April 26, 1944) 


It was observed that no enzyme addition was required to recover the 
cocarboxylase as free thiamine in assaying a sample of flour which contained 
added synthetic cocarboxylase (the pyrophosphoric ester of synthetic 
thiamine), shown by Weijlard and Tauber (1) to be identical with natural 
cocarboxylase. This observation indicated that flour contained a phos- 
phatase capable of hydrolyzing cocarboxylase to thiamine. The occurrence 
of phosphatase in wheat has been demonstrated by Hilbe and Marrow (2) 
and Sisakyan and Kobyakova (3). This suggested to us that the absence 
of cocarboxylase in plant materials as observed by Tauber (4), Hennessy 
and Cerecedo (5), Melnick and Field (6), Booth (7), Shetlar and Lyman 
(8), and others might be caused by phosphatase activity when the plant 
materials are extracted for assay. 


EXPERIMENTAL 


When thiamine is measured by the thiochrome procedure, free thiamine 
is oxidized by alkaline ferricyanide to thiochrome, which is extracted by 
isobutanol. Cocarboxylase, however, under these conditions forms an 
oxidation product which cannot be extracted by isobutanol and thus escapes 
detection. The difference of solubility of the oxidation products in iso- 
butanol provides a ready means of differentiating thiamine and cocarboxy- 
lase. Cocarboxylase is readily converted into thiamine by phosphatase 
hydrolysis. 

A variety of extraction procedures is used to assay flour for thiamine 
content. The flour may be extracted with potassium chloride solutions 
(5 to 25 per cent potassium chloride in 0.005 n H,S80,) by vigorous shaking. 
After centrifuging and filtering, an aliquot of the supernatant liquid is used 
for oxidation of the thiamine to thiochrome. The flour may be extracted 
with water or buffer solutions and be given an incubation treatment after 
addition of an enzyme preparation containing phosphatase (such as taka- 
diastase and clarase). After filtration, these extracts may be freed from 
possible contaminants by the Decalso adsorption procedure and the pctas- 
sium chloride eluates used for oxidation. The flour may also be taken up 
in acid solutions which may be heated, cooled, and neutralized before the 
enzyme preparation is added. 
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A sample of flour was assayed for thiamine by the potassium chloride 
extraction procedure described above and was found to contain 0.8 y per 
gm. A portion of this flour was enriched by adding crystalline cocarboxy- 
lase which when assayed with this procedure was found to contain 3.6 y per 
gm. of thiamine. The same value was obtained by the other methods in 
which an enzyme digestion was used. Quantitative conversion of the 
cocarboxylase to thiamine was obtained in 1 hour at 27° in the buffer or 
potassium chloride flour suspensions. Extraction in 0.1 N sulfuric acid, 
0.1 N hydrochloric acid, and 2 per cent acetic acid was observed to inactivate 
the enzyme. Cocarboxylase and thiamine were readily distinguished in 
this sample by taking up the flour in boiling 0.1 N sulfuric acid and heating 
to destroy the enzymes at the time of wetting. Whole wheat flour and first 
and second clear flours, which are comparatively rich in natural thiamine, 
were also assayed by means of this procedure with the same results as with 


the enzyme procedures. These results confirm those re ported by earlier 


TABLE I 


Thiamine Assay 








| +e 
Heated Not heated 
. | - - aq 
Controls | 165 y cocarboxylase* | Controls 165 7 cocarboxylase* 
Clarase | No clarase Clarase Noclarase | Clarase No clarase Clarase No clarase 
a oe = 
104 97 216 97 98 96 204 203 


* The molecular equivalent of 165 y of cocarboxylase is 112 y of thiamine hydro- 


chloride. 


investigators, which indicate that the natural thiamine of wheat doesnot 
occur as cocarboxylase. 

The efficiency of cocarboxylase hydrolysis by the enzymes in whole wheat 
flour was compared with those in clarase. Sixteen 25 gm. samples of finely 
ground whole wheat flour were transferred to 500 ml. volumetric flasks. 
Fight of these were taken up in 300 ml. of 0.05 m acetate buffer (pH 4.0) at 
room temperature and to four of them were added 10 ml. of solution contain- 
ing 165 y of cocarboxylase, corresponding to 112 y of thiamine hydrochlo- 
ride. 1 gm. of clarase (in solution) was added to duplicate samples in each 
group. After being shaken, the flasks were allowed to stand overnight, 
then diluted to the mark, and assays for thiamine were made by the Decalso 
adsorption procedure. The remaining eight samples were taken up in 300 
ml. of 0.1 N sulfuric acid and heated 30 minutes in a boiling water bath to 
destroy the wheat enzymes. The flasks were cooled and adjusted to pH 
t.0 with sodium acetate solution before the cocarboxylase-enzyme treat- 
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ments, as described for the unheated samples, were made. Results of the 
thiamine assay are shown in Table I. 

It is apparent from these data that wheat contains a heat-destructible 
factor capable of hydrolyzing cocarboxylase. The average thiamine recov- 
ery from 165 y of added cocarboxylase by the clarase and wheat enzymes 
was 109 y (theory, 112 y) or 66 per cent as thiamine chloride hydrochloride 
equivalent, which is in satisfactory agreement with the 69 per cent equiva- 


lent reported by Hennessy and Cerecedo (5). 


SUMMARY 


Wheat flour has been observed to contain a heat-destructible factor 
capable of hydrolyzing cocarboxylase. In confirmation of the observations 
of other investigators, evidence is presented that the natural thiamine of 
wheat does not occur as cocarboxylase and that an enzyme digestion in the 
thiochrome assay procedure for wheat flour is not required for the estima- 
tion of the natural vitamin. 
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A METHOD FOR THE QUANTITATIVE MICRODETERMINATION 
OF GLUCOSE AND MALTOSE IN MIXTURES* 


By DANIEL LUZON MORRIS 


(From the Putney School, Putney, Vermont) 
(Received for publication, April 14, 1944) 


Mixtures of glucose and maltose, which almost always contain dextrins 
as well, result from the diastatic breakdown of starch or glycogen. In 
recent years several methods have been developed for the analysis of such 
mixtures. These have been of two fundamental types, the so called bio- 
logical ones, which depend upon yeast fermentation under such conditions 
that only one of the sugars is attacked, and the so called chemical ones, 
which rely on reagents that will be in some way selective for the different 
sugars. Examples of the first type are the methods of Somogyi (1) and of 
Schultz et al. (2). An example of the second type is the method of Sichert 
and Bleyer (3). Somogyi’s method seems to be the only one of these that 
has been used for micro work. Sichert and Bleyer’s reagent, which reacts 
only with glucose in a mixture, unfortunately will not work at all unless 
there is more than 20 mg. of glucose present.’ 

This paper describes another method, of the chemical type, the possibili- 
ties of which seem to have been little explored. This depends on the fact, 
often overlooked, that, although different reagents (alkaline ferricyanides, 
copper solutions, or hypoiodites) are reduced by both glucose and maltose, 
the reducing power of glucose has a different ratio to that of maltose with 
each reagent. Thus, Braun and Bleyer (5) have pointed out that, with 
Fehling’s solution, maltose and glucose have the same reduction per mole 
of sugar; hence, by weight, maltose gives about 53 per cent as much reduc- 
tion as glucose. The figures of Hanes (6) show that over the first mg. his 
ferricyanide reagent is reduced nearly as much (about 82 per cent.) by mal- 
tose as by the same weight of glucose. It should therefore theoretically be 
possible to determine the reduction of a mixture of the sugars by each of 
two such reagents, and by the solution of a pair of simultaneous equations 
to arrive at the separate concentrations of the sugars. For practical rea- 
sons, the equations to be solved must be linear and their accuracy must be 
very high. Furthermore the total reduction of a mixture of glucose and 


* Aided by a grant from Mead Johnson and Company. 

? An unsuccessful attempt to adapt this reagent to the micro range is reported 
elsewhere. 

* The abstract of a paper by Popov has appeared (4). The method outlined there 
is the same in principle as that described here. Unfortunately, no details are given, 
and the original paper is not available. 
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maltose must be exactly equal to the sum of the reductions of the sugars 
alone. 

Reagents—The reagents that were chosen for this investigation were the 
Hagedorn-Jensen ferricyanide reagent and a modification of Somogyi’s 
“high alkalinity” copper reagent (1). Both of these give results which are 
highly reproducible, and they show a satisfactory difference in their glucose 
to maltose reduction ratios. 

The Hagedorn-Jensen reagent, as commonly used for the determination 
of blood sugar, has an upper limit of about 0.3 mg. of glucose. By simply 
using a larger quantity of the reagent one can extend the range to about 08 
mg. To 5cc. of the sugar solution in a 25 X 150 mm. test-tube are added 
5 ec. of the Hagedorn-Jensen ferricyanide-carbonate solution. The tube is 
covered with a bulb blown from glass tubing (6) and heated for 15 minutes 
in boiling water. After cooling, 5 cc. of the zinc sulfate-potassium iodide 
solution are added plus 3 cc. of 5 per cent acetic acid. The surplus iodine 
is titrated with 0.005 n thiosulfate, and the titration volume is subtracted 
from that given by a blank determination. To avoid errors due to the evap- 
oration of iodine, the glass bulbs are left in place until the instant of titra- 
tion, and the first few drops of thiosulfate are allowed to wash down the 
sides of the tube. 

Over the working range of this reagent, the deviations from linearity of 
its reduction (expressed in cc. of thiosulfate solution) by glucose or maltose 
are less than the experimental error (0.01 cc.). It was not thought practical 
to try to extend the range any further, since in the case of Hanes’ modifica- 
tion (6) there is a definite curvature beyond about 1 mg. The equation for 
the reagent is G = 0.1865V, where G represents mg. of glucose and V is ce. 
of 0.005 n thiosulfate. The total reduction of a glucose-maltose mixture is 
equal to the sum of the separate reductions of the sugars, and the reduction 
of maltose is 0.811 times that of an equal weight of glucose.* 

The copper reagent gave more trouble. With Somogyi’s reagent (1) the 
reduction of a mixture of glucose and maltose is equal to the sum of the 
separate reductions, provided both are calculated as glucose. However, 
the glucose reduction is not linear, whereas over the first mg. the maltose 
reduction is. The complications introduced by these facts were finally 
overcome when it was noticed that the glucose-thiosulfate curve straight- 

* The glucose used for standardization had been recrystallized from acetic acid (7) 
and dried to constant weight at 78° in vacuo over P,O;. The maltose was Eimer and 
Amend’s c. Pp. maltose which was recrystallized from 60 per cent alcohol. Since the 
amount of water contained in crystalline maltose varies, the quantity of anhydrous 
sugar was determined in three ways: by acid hydrolysis followed by determination of 


° . ° ° ' , a 200 . 
glucose, by the determination of optical rotation (found, [a] ~ = +138°, on the basis 


of the acid hydrolysis figures), and by drying the sugar at 118° in vacuo over POs. 
The three methods gave figures concurrent within a few tenths of 1 per cent 
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ened out at about 0.4 mg., and was perfectly linear up to values considerably 
beyond 1.4mg. The equivalent of 0.4 to 0.6 mg. of glucose was therefore 
added to the reagent itself. Thus the quantity of glucose actually in the 
analysis mixture was never less than 0.4 mg., but the reduction due to this 
first 0.4 mg. occurred also in the blank. When this was subtracted from the 
total reduction (which happens automatically when the titration value for 
the determination is subtracted from that for the blank), the difference bore 
a linear relation to the glucose in the unknown, the line passing through the 
origin. 

To prepare the reagent, 80 to 100 mg. of glucose are added to each liter of 
Somogyi’s “high alkalinity’ reagent, and enough extra potassium iodate 
(2.5 to 3.5 cc. of 1 N solution) is added to bring the blank up to the usual 
point. The resulting solution is not perfectly stable; the blank rises by a 
few hundredths of 1 cc. per day (more rapidly in hot weather), but it need 
normally not be determined more than once a day. After the blank titra- 
tion has risen by more than 1 cc., it may be brought back by the addition of 
more glucose (30 mg. per liter of reagent per cc. of thiosulfate). No varia- 
tions in the accuracy of the solution have been detected even after a number 
of such additions. The technique for the use of the reagent is as described 
by Somogyi (1). 

The equation for this modified Somogyi reagent is G = 0.148V. The 
reduction by a given quantity of maltose is 0.578 times that of an equal 
weight of glucose,‘ and the reductions of glucose and maltose are additive. 

Determination and Caleulations—Given these reagents, with the charac- 
teristics cited, the procedure for the analysis of a mixture of glucose and 
maltose is as follows: Equal quantities of the mixture are determined, in 
duplicate, with each of the two reagents. The reduction for each is caleu- 
lated as glucose. In the following calculations Rc, and Ry, represent these 
reductions for the copper and ferricyanide reagents respectively. Then 
from the preceding paragraphs, Rp, = G + 0.811M (M being the mg. of 
maltose) and Ro, = G + 0.578M. By subtraction, Rp, — Roy = 0.233M, 
or M = 4.29(Ry, — Re,). By substitution of this value of M in either of 
the first two equations, the value for G is found. 

Analysis of Mixtures Containing Reducing Dextrins—Since the reducing 
power of dextrins is indefinite, no purely chemical method can be used for 
the complete analysis of mixtures that contain them. The analysis is pos- 
sible, however, if yeast fermentation is used. If a mixture is fermented 
with yeast, glucose and maltose are destroyed, and the reduction due to 
these sugars alone can be measured by the determination of reduction before 
and after fermentation. In such a case the method of this paper is immedi- 


‘ This figure is very different from that employed by Stark (8) who used a factor of 
about 0.645. 
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ately applicable. A typical experiment of this kind is given in the next 


section. 
Illustrative Experiments 


Glucose and Maltose Alone—Table I shows results obtained with mixtures 
containing known quantities of glucose and maltose. 

Glucose, Maltose, and Dextrins—A sample of dextri-maltose (Mead John- 
son and Company) was dried to constant weight in vacuo at 78° over P.Os. 
A solution of the dry product was made containing 1.621 mg.in 5cc. The 


Taste I 
Analyses of Mixtures of Glucose and Maltose 











Sugars taken Reduction found, as glucose Sugars calculated 
Glucose Maltose Rre Roy Glucose Maltose 
me. meg. meg. meg. mg. mg. 
0.656 0.163 0.783 0.745 0.651 0.163 
0.326 0.491 0.725 0.610 0.325 0.494 
0.164 0.163 0.293 0.253 0.154 0.172 


0.164 0.653 0.689 0.536 0.157 0.656 


TaBLe II 


Determination of Glucose and Maltose in 1.621 Mg. Samples of Deztri-Maltose, with 
Use of Fermentation with 15 Per Cent of Yeast 


Reduction, as glucose 


Solutions 
Rre Rey 
Ean me. mg. 
NEE PE Oe, Se 0.770 0.526 
After * bia Se Di ee 0.261 0.149 
Difference (= reduction of glucose + maltose) ........ 0.509 0.377 











Sugars calculated; glucose 0.050 mg., maltose 0.566 mg. 

reduction of 5 cc. samples of this was determined with each of the reagents. 
Then some of the solution was fermented with 15 per cent of washed fresh 
yeast for 2.5 hours, no buffer being used. The reduction of the fermented 
solution was determined. From these data the concentrations of glucose 
and maltose were calculated. The results are shown in Table II. Asa 
check, 0.1 per cent of dry sodium carbonate was added to some of the 
dextri-maltose solution, which was then fermented with 10 per cent of 
washed yeast for 20 minutes (1). The reduction of the fermented solution 
was determined with the copper reagent. The difference between this re- 
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duction and that of the original solution should represent glucose, which 
alone is fermented under these conditions. The maltose can be calculated 
from the difference in reduction between the solutions which had been 
fermented with and without sodium carbonate. These results are given in 
Table III. The agreement between the two methods is satisfactory.® 
Glucose and Maltose during Fermentation—The following experiment 
illustrates the potentialities of the method. A solution was prepared con- 
taining, in 5 cc., 0.399 mg. of glucose and 0.409 mg. of maltose. Tosome of 
this was added 10 per cent of washed yeast, and the mixture was kept at 


TABLE III 
Determination of Glucose and Maltose in 1.621 Mg. Samples of Dezxtri-Maltose, by 
Fermentation with and without Sodium Carbonate 


Reduction, as glucose, Roy 


Solutions 
mg. 
Before fermentation..... 0.526 
After buffered fermentation. 0.466 
unbuffered fermentation 0.149 





Sugars calculated, glucose 0.060 mg., maltose 0.548 mg. 


TaBLe IV 


Changes Due to Fermentation by Yeast in a Mizture Originally Containing 0.399 Mg. of 
Glucose and 0.409 Mg. of Maltose 











Reduction Sugars destroyed 
Solutions _ ~ 

Rre Rey Glucose | Maltose 

mg. mg. mg. mg. 

Original solution. ... es 0.728 0.626 

After 15 min. fermentation 0.218 0.149 0.395 0.141 
— =. “ é 0.157 0.105 | 0.391 | 0.222 
ste _— Pe , 0.092 | 0.062 0.385 | 0.309 
va: a * iti Jieweees 0.049 0.027 0.401 | 0.343 








26-28°. At intervals samples were withdrawn and centrifuged to remove 
the yeast. Reduction values were determined upon the original solution 
and also the fermented samples. The results are given in Table [V. It 
will be noted that all of the glucose was destroyed in the first 15 minutes, 
whereas some maltose was still present after 2 hours. In Table IV the 


5’ The sodium carbonate buffer was used in this experiment in preference to the 
phosphate recommended by Stark and Somogyi in a more recent paper (9). It was 
found that the concentration of phosphate recommended there caused errors of the 
order of 15 per cent in determinations with the “high alkalinity’’ reagent. 
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results were calculated to give the amount of sugar destroyed by the end of 
the time noted, since this is the only basis on which calculations can be made 
with the usual fermentation mixture, in which many reducing substances 
besides glucose and maltose may be present. In the present case, however, 
the data may also be used to calculate the amounts of sugars still present 
in the solution. If this is done, it will be found that there are errors 
throughout, which had compensated one another in the first calculations, 
The figures for the reduction of the original solution will be found to give 
glucose 0.372 mg. and maltose 0.438 mg.; these are roughly 0.03 mg. too 
low and too high respectively. The residual glucose after fermentation had 
begun will be found to be a negative quantity varving from —0.01 to —0.03 
mg. Such errors represent about the maximum uncertainty of the method. 


DISCUSSION 


Any method which depends, as this one does, on the differences between 
experimental data is susceptible to rather large errors, and these will be 
larger, the smaller the differences. In the present method the first step in 
the calculation is a multiplication by a factor of more than 4; the error is 
thereby increased 4-fold. Since, even with the exceedingly reliable reagents 
used here, errors of as much as 0.003 mg. are not uncommon, and the 
errors of the two reagents may be additive, it is clear that an over-all error 
of 4 X 0.006, or more than 0.02 mg., is to be expected. The method cannot 
be effective at all unless the most precise technique is used. It is recom- 
mended that the glucose factors for the two reagents be checked against 
each other from time to time, as a new solution, or uncontrolled variations 
in experimental conditions, may change one of them. All that is required 
is to determine the reduction of any one solution of pure glucose with both 
reagents. Assuming that one factor is correct, the other is calculated from 
it; again it must be stressed that an error of only 0.5 per cent in the relative 
values of the factors will give an error of 2 per cent in the calculations. 
Errors affecting both reagents equally (such as variations in the concentra- 
tion of the thiosulfate solution with temperature) are of slight importance, 
since such errors are not increased in the calculations. It has been found 
that, whereas corrections do occasionally have to be made in the glucose- 
thiosulfate factors, the glucose-maltose ratios for each reagent never vary 
to a detectable degree. 

Such a relatively large error as 0.03 mg. is of course a serious drawback to 
the method. It can only be said that fermentation methods are suscep- 
tible to errors which are as great. There is always dilution of a fermenting 
solution by the yeast itself: since the sugar must penetrate the yeast cell 
walls to be fermented, it must be assumed that some of the non-fermentable 
constituents of the solution will likewise penetrate the yeast, and be 
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removed with it. It has in fact been found in this laboratory that a solution 
of pure maltose, buffered with sodium carbonate and then treated with 
yeast, shows an apparent loss of reducing material which can be due only to 
this dilution effect. The highest theoretical error caused by this with 10 
per cent of yeast would of course be 10 per cent (assuming the yeast to be 
largely water). ‘The errors actually found may be about half this amount. 
The net error is smaller, in a fermentation experiment, the smaller the 
reduction of the fermented solution. 


SUMMARY 


Glucose and maltose have different relative reducing power when deter- 
mined with different reagents. If the total reduction of a mixture of the 
two is determined with an alkaline copper and an alkaline ferricyanide 
reagent, it is possible to calculate the concentration of each in the mixture 
by the solution of a pair of simultaneous equations. Results obtained in 
this way are satisfactory, though errors may be as large as 0.03 mg. The 
eguses of error are discussed. 

A modification of Somogyi’s “‘high alkalinity” reagent is described, which 
gives linear proportionality between glucose taken and thiosulfate used over 


the range 0 to 1 mg. 
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THE CHEMISTRY OF THE LIPIDS OF TUBERCLE BACILLI 


LXVII. THE LIPIDS OF THE HUMAN TUBERCLE BACILLUS H-37 
CULTIVATED ON A DEXTROSE-CONTAINING MEDIUM* 


By M. M. CREIGHTON,t L. H. CHANG, anp R. J. ANDERSON 
(From the Department of Chemistry, Yale University, New Haven) 
(Received for publication, April 21, 1944) 


The high percentage of lipids differentiates the tubercle bacillus and acid- 
fast bacteria in general from other microorganisms. However, the amount 
of lipids in acid-fast bacteria varies not only from strain to strain but also 
with the composition of the medium (1). Results obtained in this labora- 
tory indicate that the lipids of the human tubercle bacillus, Strain H-37, 
when grown under identical conditions but at different times on the Long 
synthetic medium (2) show wide variations in the amounts of various lipid 
fractions and also in chemical constants (3, 4). Similar variations were 
found in this laboratory in a comparative investigation of five different 
strains of human tubercle bacilli, four of which had been recently isolated 
from human cases of tuberculosis (4). 

In other investigations! conducted in this laboratory on the chemistry 
of the pathogenic microorganism Phytomonas tumefaciens it was found, 
when the bacteria were cultivated in a synthetic medium in which glycerol 
was the chief source of carbon, that the growth was slight and the bacterial 
cells contained only 2 per cent of lipids. However, when sucrose was added 
to the medium in place of glycerol, the bacterial growth was more luxuriant 
and the lipid content of the bacteria amounted to about 6 per cent (5). 

In view of the results with Phytomonas tumefaciens it appeared of interest 
to study the lipid production and the chemical composition of the lipid 
fractions of the human tubercle bacillus when cultivated on a modified 
Long synthetic medium in which glycerol was replaced by dextrose. 
Through the cooperation of Sharp and Dohme, Glenolden, Pennsylvania, 
we were provided with a lot of tubercle bacilli, Strain H-37, which had been 
cultivated on the modified Long synthetic medium. The bacilli were 
extracted and the lipid fractions were separated essentially as described in 
previous studies (4). 

According to the results of our earlier investigations the alcohol-ether 

* The present report is a part of a cooperative investigation on tuberculosis; it has 
been supported partly by funds provided by the Research Committee of the National 
Tuberculosis Association. 

t Holder of a National Tuberculosis Association Fellowship at Yale University, 
1939-40. 

‘These experiments were conducted in collaboration with The International 
Cancer Research Foundation, Philadelphia, and Dr. A. J. Riker of the University of 
Wiscongin. 
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extracts of tubercle bacilli contain phosphatide, acetone-soluble fat, and 
a wax fraction which melts at about 50°. The phosphatide, as shown by 
Dr. F. R. Sabin and collaborators (6), possesses important biological proper- 
ties. In view of the general occurrence of phosphatides in all living cells it 
is believed that this class of compounds is of vital importance in the life of 
the cells. 

In the present investigation of the alcohol-ether extract of the bacilli 
grown on the dextrose-containing medium it was surprising that no phos- 
phatide could be found. The only substances contained in the alcohol- 
ether extract were acetone-soluble fat and a low melting wax which had 
the same properties as the wax previously obtained from the mother liquors 
in the purification of the phosphatides (4). The chloroform-soluble wax 
isolated from the bacilli after the alcohol-ether extraction also had a low 
melting point and we were unable to find any high melting wax correspond- 
ing to the so called “purified wax’’ which melts with decomposition at 
about 205° (7). 

The firmly bound lipid isolated after the partly defatted bacilli had been 
treated with dilute hydrocholoric acid was a wax-like substance with a 
low melting point. 

The results obtained in the present investigation indicate that the com- 
position of the medium on which the bacilli are grown exerts a remarkable 
influence on the nature of the lipids that are elaborated. The presence of 
glycerol in the medium is apparently necessary for the production of certain 
lipid fractions. The importance of this fact must be considered in future 
investigations. 

In view of the differences in lipid components mentioned above it 
appeared of interest to analyze the acetone-soluble fat and the low melting 
wax in order to determine whether these fractions contained the charac- 
teristic specific constituents previously found in tubercle bacilli grown on 
the glycerol-containing Long medium. The acetone-soluble fat was found 
to contain tuberculostearic acid and phthioic acid and the pigment phthio- 
col, compounds identical with those previously isolated. The fat did not 
contain any glycerol but a carbohydrate was isolated among the water- 
soluble constituents. The amount of carbohydrate was too small to permit 
definite identification but it was probably trehalose. 

The low melting wax fractions yielded on saponification a polysaccharide 
which gave pentose color reactions. The principal ether-soluble compo- 
nent was mycolic acid. There were also found dextrorotatory fatty acids 
analogous to phthioic acid and also the alcohol phthiocerol. 


EXPERIMENTAL 


The tubercle bacilli, Strain H-37, were cultivated according to the stand- 
ard procedure in 1 liter Pyrex bottles for a period of 8 weeks. The medium 
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contained the same ingredients as the Long synthetic medium (2) except 
that the glycerol was replaced by 10 per cent of dextrose. The cultures, 
77 in number, were filtered off and washed with water, after which the 
bacterial cells were suspended in 3.5 liters of alcohol and shipped to the 
Sterling Chemistry Laboratory. 

To the bacterial suspensions were added 2 liters of aleohol* and the mix- 
ture was shaken thoroughly. The cells settled rather quickly and after 
the mixture had stood overnight the clear supernatant was siphoned off. 
The cells were further dehydrated by treatment with 2 liters of alcohol and 
the supernatant was siphoned off after the cells had settled. The cells 
were next extracted four times with 2 liters of alcohol-ether, equal parts, 
for each extraction. The bacterial cells were then filtered off, washed with 
aleohol-ether, and extracted with chloroform as will be described later. 
The alcoholic and alcohol-ether extracts were combined and concentrated 
under reduced pressure until the ether and most of the alcohol had been 
removed. The lipids that remained in the aqueous suspension were 
extracted with ether and the ethereal solution was concentrated to a volume 
of about 1 liter. The solution was forced through a Chamberland filter 
under carbon dioxide pressure and the filter was washed thoroughly with 
ether. The clear filtrate was concentrated to a volume of about 400 cc. 
and mixed with 500 cc. of acetone. The precipitate which should consist 
of crude phosphatide was filtered off and washed with acetone. 

The precipitate was reprecipitated ten times from ether solution with 
acetone and was finally obtained as a white powder which weighed 1.5265 
gm. The substance melted at 50-56°. Analysis, found, P 0.58, N 0.28 
per cent. 

The properties of this fraction resemble those of the low melting wax 
that we have previously found in the mother liquors from the purification 
of the phosphatide (4). Attempts to isolate a substance from this material 
corresponding in properties to the usual phosphatide were unsuccessful. 
The substance was separated into several fractions by treatment with ethyl 
acetate and precipitations from ether solution with acetone but all the 
fractions had low melting points and the phosphorus content was low. It is 
evident therefore that a substance corresponding in properties to the usual 
tubercle bacillus phosphatide was not present in this lot of bacilli. 

Isolation of a Low Melting Wax from the Mother Liquors—The ether- 
acetone mother liquors resulting from the above operations were concen- 
trated to a volume of about 300 cc. and cooled in ice water, whereupon a 
white precipitate separated. The precipitate was filtered off, washed with 
acetone, and dried. The filtrate was concentrated to about 150 ec. and 

* All solvents had been carefully purified and redistilled before they were used. 


The alcohol had been distilled over potassium hydroxide. The ether was freed from 
peroxides, dried over calcium chloride, and distilled over potassium hydroxide. 
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again cooled in ice water. The slight precipitate that separated was filtered 
off, washed with acetone, and dried. The two precipitates mentioned 
above were combined, giving a total weight of 8.0763 gm. The material was 
a nearly white powder which melted at 41-44°. It contained a trace of 
phosphorus. 

The Acetone-Soluble Fat—The acetone mother liquor from the low melting 
wax was evaporated to dryness and the residue consisting of acetone- 
soluble fat was further dried in vacuo. It formed a soft brown salve-like 
mass with a perfume-like odor and it weighed 7.4733 gm. 

The Chloroform-Soluble Wax—The bacterial residue from the alcohol- 
ether extraction was extracted four times with chloroform-ether, equal 
parts. 2 liters of solvent were used for each extraction. The bacterial cells 
were filtered off and washed with chloroform-ether and dried. The dry 
bacterial residue weighed 86 gm. 

The chloroform-ether extracts were combined and evaporated to dryness 
in vacuo. The residue was dissolved in ligroin and the solution was forced 
through a Chamberland filter under carbon dioxide pressure. The filter 
was washed three times with ligroin. No unfiltrable lipid was noticed on 
the filter. 

The clear filtrate on concentration to dryness left a nearly white waxy 
residue which weighed 7.8 gm. For purification the substance was dis- 
solved in 100 ce. of ether and precipitated by the addition of 250 cc. of cold 
acetone. The substance was filtered off and reprecipitated in the same 
manner. The final purification was carried out by dissolving the precipi- 
tate in 125 ec. of ether and adding 250 cc. of cold methyl alcohol. The 
precipitate was filtered off, washed with methy] alcohol, and dried in vacuo. 
The product was a white powder which weighed 7.1 gm. It melted at 
about 53° and contained a trace of phosphorus and 0.39 per cent of nitrogen. 

The Firmly Bound Lipids—The bacterial residue was examined for firmly 
bound lipids as follows: 10 gm. of the dried cells were treated with 100 ee. 
of a mixture of alcohol and ether, equal parts, containing 1.25 cc. of con 
centrated hydrochloric acid at 45-50° for 2 hours. After the mixture had 
cooled, the cells were filtered off and washed with alcohol. The cell residue 
was next extracted under a reflux with 100 ec. of chloroform-ether, equal 
parts, at 45-50° for 2 hours. After the mixture had cooled, the cells were 
filtered off and washed with chloroform-ether. The extractions were 
repeated three times. After the cell residue had been dried, it weighed 
8.5164 gm. 

The lipids recovered from the acid alcohol-ether extract were a yellowish 
solid wax-like mass which weighed 0.2127 gm. This fraction was not 
further examined. 

The chloroform-ether extracts were combined and concentrated undet 
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reduced pressure to a volume of about 150 cc. To the solution was then 
added 1.0 gm. of solid sodium bicarbonate in order to remove any hydro- 
chloric acid. After the mixture had stood overnight, the solution was 
filtered and the filtrate was evaporated to dryness. The residue which 
weighed 0.8903 gm. was dissolved in 10 ec. of ether and precipitated by 
addition of 30 cc. of cold acetone. The precipitate was filtered off, washed 
with acetone, anddried. The substance was a white powder which weighed 
0.8392 gm. and it melted at about 44°. It was free from phosphorus. 


TABLE | 


Lipid Fractions from Tubercle Bacilli, Strain H-37, Grown on Dezxtrose-Containing 











Medium 
F — Description M.p N P Weight 
. ie ie c 1 to out per cent | pay x 
I Low melting wax 50-56 0.26 | 0.58 1.5265 
I] ~ as - 41-44 | Trace 8.0763 
III Acetone-soluble fat 7.4733 
IV CHC);-soluble wax 53 0.39 - 7.8000 
V Bound lipids 44 None | 9.4858* 
8 ; ta - J oe |— : 
Total lipids Ve aaias = 408 ce Pe en | 34.3619 
* Calculated value. 
TaBLe II 


Products Obtained from 77 Cultures of Tubercle Bacilli Cultivated on Dextrose-Contain- 
ing Medium 








| = 

Total lipids 34.3619 
Polysaccharide 1.0887 
Extracted bacterial residue 76.5142* 
Total dry bacterial mass...... i 111.9648 





* Calculated value. 


The total bound lipids from 10 gm. of partly defatted bacilli amounted 
to 1.103 gm., corresponding to 11.03 per cent of the bacterial residue. 

The lipid fractions isolated are summarized in Table I. 

Isolation of Polysaccharide—The polysaccharide contained in the aqueous 
solution which remained after the lipids had been extracted from the con- 
centrated alcoholic and alcohol-ether extracts as previously mentioned was 
isolated in the usual manner by means of basic lead acetate and ammonia. 
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The lead precipitate was decomposed with hydrogen sulfide and after the 
lead sulfide had been filtered off, the filtrate was concentrated under reduced 
pressure to a thick syrup which was dehydrated by grinding under absolute 
alcohol. Thesubstance weighed 1.0887 gm. but it was not further examined. 

The total yield of material obtained from the 77 cultures that were pro- 
vided for this investigation is summarized in Table IT. 

It will be seen from the data in Table II that the total lipids amounted to 
30.6 per cent of the dry bacilli. Although no phosphatide could be found, 
it is evident that the total lipid content was about the same as that obtained 
when the bacilli are cultivated on the ordinary glycerol-containing Long 
medium. 

Analysis of the Acetone-Soluble Fat 


Constants of the Fat—The acetone-soluble fat had the following constants: 
iodine No. (Rosenmund-Kuhnhenn method) 55.5, saponification No. 137, 
acid No. 68, ester No. 69, Reichert-Meiss] No. 6.5, Polenské No. 5.7, 
unsaponifiable matter 7.36 per cent. 

Saponification of the Fat—The fat, 5.84 gm., was saponified by refluxing 
with 100 ec. of 4 per cent alcoholic potassium hydroxide for 5 hours in an 
atmosphere of nitrogen. The solution was concentrated by distillation to 
a volume of about 50 cc., diluted with water, and the unsaponifiable matter 
was extracted with ether. The unsaponifiable matter obtained on evapora- 
tion of the ethereal solution was again refluxed for 2 hours with alcoholic 
potassium hydroxide, after which the unsaponifiable matter was isolated 
as mentioned above. The alkaline solutions were combined and examined 
for water-soluble components and fatty acids. 

The unsaponifiable matter formed a thick amber-colored mass that 
weighed 0.4303 gm., corresponding to 7.36 per cent of the fat. The sub- 
stance had a pleasant odor and the iodine number was 127.8. 

Isolation of the Fatty Acids—The alkaline soap solution was acidified with 
hydrochloric acid and the fatty acids were extracted with ether. In order 
to remove phthiocol and certain acids the ethereal solution was extracted 
with five portions of 1 per cent aqueous sodium bicarbonate solution. The 
ethereal solution was then dried over sodium sulfate, filtered, and the ether 
was distilled off. The residue consisting of higher fatty acids weighed 4.06 
gm., corresponding to 69.5 per cent of the fat. 

Determination of Phthiocol—The sodium bicarbonate extract which was 
dark red in color was acidified with hydrochloric acid and extracted with 
ether. The ethereal solution was dried over sodium sulfate, filtered, and 
the ether was distilled off. The dark colored residue weighed 0.57 gm. 
The phthiocol contained in this material was isolated as described previ- 
ously (4) but the amount was too small to be obtained in pure crystalline 
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form. The phthiocol was therefore estimated by the colorimetric method 
(8) and amounted to about 2.5 mg. The substance showed the reactions 
of phthiocol. It was easily soluble in dilute sodium bicarbonate, with a 
bright red color and on acidification the color turned yellowish. A solution 
in dilute methyl alcohol deposited a few small yellow crystals. 

Examination of the Aqueous Solution—The acidified aqueous solution 
from which the fatty acids had been extracted was examined for trehalose 
and glycerol by the method formerly described (4). A carbohydrate 
fraction which gave a Molisch reaction was isolated by means of basic 
lead acetate and ammonia. The carbohydrate weighed 63 mg. An 
attempt was made to acetylate this product in pyridine with acetic anhy- 
dride and a water-insoluble acetyl derivative was obtained but the amount 
was too small to permit of its isolation in crystalline form. 

The filtrate from the basic lead acetate precipitate was examined for 
glycerol but none was found. 

Examination of the Fatty Acids—The fatty acids, 4.06. gm., were sepa- 
rated by means of the lead salt-ether procedure and gave 0.765 gm. of solid 
acids and 3.278 gm. of liquid fatty acids. The solid acids were not further 
examined. The liquid fatty acids were esterified and gave 3.315 gm. of 
methyl esters which were distilled in a high vacuum at a temperature 
between 140-210° through a modified Widmer column. The distillate 
was a yellow oil which weighed 2.093 gm. and the iodine number was 21. 
The residue in the distilling flask was a thick dark oil, 1.20 gm., and the 
iodine number was 46. This fraction was not further examined. 

The distilled esters after reduction with hydrogen in the presence of 
platinum oxide were completely saturated, as the iodine number was 0. 
The hydrogenated esters were saponified with alcoholic potassium hydrox- 
ide. The free acids were isolated, after which the lead salt-ether separation 
was repeated. The solid reduced acid weighed 0.281 gm. and was not 
further examined. The liquid saturated acids isolated from the ether- 
soluble lead salt weighed 1.788 gm.; [a], = +4.57°; mol. wt. 362. 

The liquid saturated fatty acids were esterified with diazomethane and 
were fractionated and refractionated through a modified Widmer column 
into four fractions. Fractions I and II, total weight 0.63 gm., were 
optically inactive but the free acids, 0.60 gm., obtained on saponification 
of the esters were partly solid. The lead salt-ether separation was there- 
fore repeated. The solid acid obtained from the ether-insoluble lead salt 
weighed 98 mg. The liquid acid isolated from the ether-soluble lead salt 
weighed 0.497 gm. This acid was a liquid at room temperature. It 
Was optically inactive and the molecular weight determined by titration 
was 308. This acid would correspond therefore to somewhat impure 
tuberculostearic acid. 
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Fraction III of the esters had [a], = +7.7° and the free acid, 0.73 gm., 
obtained on saponification was a thick oil with a neutral equivalent of 396, 

Fraction IV of the esters had [a], = +6.5°. The free acid, 0.286 gm., 
obtained on saponification was a thick oil and had a neutral equivalent of 
436. 

No attempt was made to purify these acids further but the properties 
and dextrorotation would indicate the presence of phthioic acid. 

Examination of the Wax Fractions—The wax fractions Nos. I, II, and IV, 
Table I, had similar properties and were combined. For saponification 
15.5 gm. of this material were dissolved in 120 cc. of benzene and 2.5 gm. of 
potassium hydroxide dissolved in 20 cc. of methyl alcohol were added. 
The solution turned cloudy and after a short time it gelatinized. After 
the mixture had stood overnight, it was heated to boiling, whereupon mosi 
of the precipitate dissolved but a hard insoluble mass remained on the 
bottom of the flask. The yellowish supernatant solution was decanted and 
the flask was rinsed several times with hot benzene. 

The benzene-insoluble material was examined for polysaccharide as will 
be described later. 

To the benzene solution were added 2 gm. of potassium hydroxide dis- 
solved in 3 cc. of water and 30 cc. of methy! alcohol and the solution was 
refluxed in a water bath for about 7 hours. The solution was concentrated 
by distillation to a volume of about 50 cc. and transferred to a separatory 
funnel with ether, after which it was shaken with an excess of dilute hydro- 
chloric acid in order to remove the potassium salts. The solution after it 
had been washed with water until the washings were neutral to litmus was 
dried over sodium sulfate, filtered, and concentrated to dryness under 
reduced pressure. The residue was a yellowish oil when warm and a solid 
wax-like mass at room temperature. The product was dissolved in 50 cc. of 
ether and diluted with 100 cc. of acetone. On cooling in ice water, a white 
precipitate separated which was filtered off and washed with acetone. The 
substance was designated Fraction I. It weighed 6.8 gm. 

The filtrate was concentrated to a small volume and diluted with 50 ec. 
of alcohol. The white precipitate that separated was filtered off, washed 
with alcohol, and dried. This material, Fraction I], weighed 1.8 gm. 

The filtrate from Fraction II was neutralized with alcoholic potassium 
hydroxide and an alcoholic solution of lead acetate was added in excess. 
The lead salt that separated was filtered off, washed with alcohol, and dried, 
thus giving Fraction ITI. 

The filtrate from above was concentrated under reduced pressure t0 
dryness, after which it was transferred with ether and water to a separatory 
funnel. The aqueous layer was acidified with acetic acid and the mixture 
was thoroughly shaken, after which the aqueous portion was drawn off and 
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discarded. The ethereal solution after it had been washed free of acetic 
acid with water was extracted with 2.5 per cent aqueous potassium hydrox- 
ide in order to remove any fatty acids that had not been precipitated as 
lead salts. The alkaline extract yielded Fraction IV. 

The ethereal solution was next washed with water, dried over sodium 
sulfate, filtered, and the ether was distilled off. The residue consisting of 
neutral material was designated Fraction V. 

Fraction I. Crude Mycolic Acid—The substance was dissolved in 50 cc. 
of ether and the solution was diluted with acetone. On cooling in ice water, 
a fine globular precipitate separated which was filtered off, washed with 
acetone, and dried in air. The substance weighed 6.2 gm. and melted at 
55-56°. Its properties were similar to those of mycolic acid. The molec- 
ular weight determined by titration was 1445. In chloroform solution 
the substance showed no optical rotation. 

Fraction II was probably mainly crude mycolic acid but it was not 
examined. 

Fraction III—The dried lead salt was treated with ether and the insolu- 
ble portion was filtered off and discarded. The ethereal solution was 
freed from lead by means of dilute hydrochloric acid, after which it was 
washed with water, dried over sodium sulfate, filtered, and evaporated to 
dryness. The residue was a slightly yellowish thick oil at room tempera- 
ture which weighed 1.4 gm. 

Titration—0.3372 gm. of acid dissolved in 30 cc. of ether plus 10 cc. of 
alcohol required 7.94 cc. of 0.1 Nn KOH. Found, mol. wt. 424. 

Rotation—0.5321 gm. of acid dissolved in chloroform and diluted to 10 cc. 
gave in a 1 dm. tube a = +0.44°; hence, [a], = +8.2°. 

Judging by the rotation and molecular weight the acid is somewhat 
impure phthioic acid. 

Fraction I1V—The alkaline solution was acidified with dilute hydrochloric 
acid and extracted with ether. The ethereal solution was washed with 
water, dried over sodium sulfate, filtered, and evaporated to dryness. The 
residue was a thick yellowish oil which partly solidified at room temperature. 

Rotation—0.3616 gm. of acid dissolved in chloroform and diluted to 10 ce. 
gave in a 1 dm. tube a = +0.20°; hence [a], = +5.5°. 

Judging by the rotation and properties this acid also contained phthioic 
acid. 

Fraction V—The neutral fraction weighed 0.3 gm. It was a slightly 
yellowish solid which showed crystalline structure. The substance crystal- 
lized from ethyl acetate in aggregates of small prismatic crystals. After 
two recrystallizations from ethyl acetate 50 mg. of colorless crystals were 
obtained. The crystals melted at 73-74°. In crystal form and melting 
point the substance was identical with phthiocerol. 
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The Polysaccharide—The insoluble product which separated from the 
alkaline benzene solution of the wax weighed 1.6 gm. It was treated with 
a small amount of water and gave a cloudy strongly alkaline solution, 
The solution was slightly acidified with acetic acid, which caused a precipi- 
tation of fatty acid. The addition of neutral lead acetate gave a further 
precipitate which was filtered off and washed with water. The polysac- 
charide contained in the filtrate was isolated in the usual manner by means 
of basic lead acetate and ammonia. The lead salt was decomposed with 
hydrogen sulfide and the filtrate from the lead sulfide was concentrated to 
a thick syrup which was dehydrated by grinding under absolute alcohol | 
until a white powder was obtained. After the powder had been filtered off, 
washed with absolute alcohol, and dried in vacuo, it weighed 0.5 gm. The 
substance gave the usual color reactions for pentose with phloroglucindl 
and orcinol. This polysaccharide is therefore similar to the polysaccharide 
contained in the wax of the tubercle bacillus cultivated on glycerol-con- 


taining medium. 


SUMMARY 


1. The total lipids of the human tubercle bacillus , Strain H-37, cultivated 
on a modified Long synthetic medium in which dextrose replaced glyceroi, 
amounted to 30.6 per cent, which is comparable to the lipids obtained from 
tubercle bacilli grown on the regular Long medium. 

2. The lipids did not contain any phosphatide. 

3. The only lipid fractions that could be isolated were acetone-soluble 
fat and a low melting wax. 

4. The acetone-soluble fat on analysis was similar in composition to the 
fat elaborated on a glycerol-containing medium. Tuberculostearic acid | 
and phthioic acid were present and also the pigment phthiocol. The fat | 
contained no glycerol but a carbohydrate which could not be definitely 
identified. 

5. The wax fractions differed from the waxes isolated from the tubercle 
bacillus cultivated on a glycerol-containing medium in that no high melting 
wax could be found. 

6. The low melting wax, however, gave on analysis certain of the charac- 
teristic components of the tubercle bacillus wax; namely, mycolic acid, the 
alcohol phthiocerol, dextrorotatory fatty acids analogous to phthioic acid, 
and a polysaccharide that contained pentose. 
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THE CHEMISTRY OF THE LIPIDS OF TUBERCLE BACILLI 


LXVIII. THE LIPIDS OF CELL RESIDUES FROM THE PREPARATION OF 
TUBERCULIN* 


By M. M. CREIGHTON? anv R. J. ANDERSON 
From the Department of Chemistry, Yale University, New Haven) 


(Received for publication, April 21, 1944) 


In 1939 considerable quantities of tubercle bacilli residues from the 
preparation of a special lot of PPD (1) under direction of Dr. F. B. Seibert 
were furnished us through the generous cooperation of Sharp and Dohme, 
Glenolden, Pennsylvania. The lipid constituents from these cell residues 
were extracted with two objects in view: (a) to obtain larger quantities of 
certain of the specific lipids, especially tuberculostearic acid, phthioic acid, 
phosphatide, etc., (b) to study the chemical composition of the lipid frac- 
tions in comparison with the lipids isolated from the human tubercle bacillus 
Strain H-37 which have been under investigation in this laboratory during 
the past several years. 

The results of the isolation procedures indicated that the cell residues 
yielded phosphatide, acetone-soluble fat, and wax that were in many 
respects similar in solubility properties to analogous fractions previously 
isolated from Strain H-37. However, in the chemical analysis of the 
phosphatide prepared from the cell residues decided differences in apparent 
chemical structure of the polysaccharide component were noted (2). The 
reason for this difference might depend upon the strain of bacilli or on the 
treatment of the cultures during the preparation of PPD. In the analyses 
of the chloroform-soluble wax which will be described in a later report 
several higher fatty acids were found which were not encountered in the 
wax obtained from Strain H-37. 

In the preparation of PPD the bacterial cultures were heated for 3 hours 
in an Arnold sterilizer at a temperature of about 100°. The only changes 
that might occur during the heating would be in the nature of hydrolysis 
but this operation could not result in the formation of new fatty acids. It 
would appear therefore that the differences noted in composition of the 
lipid fractions must depend upon the strain of bacilli that was used. 

The only information obtainable concerning the strain of bacilli that was 


* The present report is a part of a cooperative investigation on tuberculosis; it 
has been supported partly by funds provided by the Research Committee of the 
National Tuberculosis Association. 

t Holder of a National Tuberculosis Association Fellowship at Yale University, 


1989-40. 
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used in the production of this special lot of PPD was that it was the same 
strain that had been used for many years in the Bureau of Animal Industry, 
United States Department of Agriculture, for the preparation of tuberculin, 
When a sample of this strain was transferred from the Biochemic Division, 
Bureau of Animal Industry, United States Department of Agriculture, 
to Sharp and Dohme, April 17, 1933, it was designated “O. T. strain.” In 
the Sharp and Dohme laboratory it was labelled “‘strain No. 2067.” It 
must be stated that the origin of this strain cannot be determined at this 
time. 

It is evident from the results obtained that Strain 2067 produces phos- 
phatide and wax that differ to some extent in composition and cleavage 
products from those found previously in Strain H-37, although both strains 
had been cultivated under identical conditions on the Long synthetic 


medium (3). 
EXPERIMENTAL 

The tubercle bacilli had been cultivated for a period of 8 weeks on the 
Long synthetic medium (3). The cultures were then heated in an Arnold 
sterilizer for 3 hours. After the material had cooled, the bacterial cells 
were filtered off, washed with distilled water, and suspended in an adequate 
quantity of denatured alcohol contained in 5 gallon Pyrex bottles and 
shipped to the Sterling Chemistry Laboratory. Six such bottles were 
received in good condition. 

To each bottle were added 5 liters of alcohol' and the contents were 
thoroughly mixed. The bottles were allowed to stand at room tempera- 
ture for a couple of days until the bacterial cells had settled, after which 
the supernatant solution was siphoned off. To the cell residue were added 
another 5 liters of alcohol with thorough mixing and after the cells had 
settled the clear supernatant was siphoned off. The cells were next 
extracted four times at room temperature. 6 liters of alcohol and ether, 
equal parts, were used for each extraction. After the cells had settled, the 
supernatant was siphoned off but after the last extraction the cells were 
filtered off and washed with alcohol-ether. 

The cell residue was next extracted exhaustively with a mixture of chloro- 
form and ether, equal parts, for the removal of chloroform-soluble wax. 
Following each extraction the cells were filtered off and washed with 
chloroform-ether. 

For the removal of firmly bound lipids, the cell residues, after the chloro- 
form-ether extraction, were treated with a mixture of 2 liters of chloroform 

1 All solvents had been carefully purified and redistilled before they were used. 


The alcohol had been distilled over potassium hydroxide. The ether was freed from 
peroxides, dried over calcium chloride, and distilled over potassium hydroxide. 
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and 2 liters of ether containing 50 ec. of concentrated hydrochloric acid. 
Following this treatment the cells were further extracted with chloroform- 
ether, equal parts. The cells were removed by filtration and washed with 
chloroform-ether. 

Separation of the Lipid Fractions—The alcohol and alcohol-ether extracts 
were combined and concentrated under reduced pressure until the lipids 
began to separate due to the presence of water derived from the bacterial 
cells. The lipids were extracted with several portions of ether, and the 
ethereal extracts were forced through Chamberland filters under carbon 
dioxide pressure. The lipids were separated into phosphatide, a low melt- 
ing wax, and acetone-soluble fat by the method described in a former 
report (4). 

The chloroform-ether extracts were concentrated at a temperature of 
about 40°, a current of carbon dioxide being passed through the solution, 
until the ether was removed. The chloroform solution was then forced 
through a Chamberland filter under carbon dioxide pressure. In only one 
case Was a small amount of unfiltrable lipid (5) observed. The clear filtrate 
was concentrated under reduced pressure to dryness. 

The Firmly Bound Lipids—The combined chloroform-ether extracts were 
freed of hydrochloric acid by shaking with solid sodium bicarbonate. After 
filtration the extracts were concentrated to a small volume and forced 
through a Chamberland filter under carbon dioxide pressure. A very small 
amount of unfiltrable bound lipids was obtained. For purification the 
bound lipids were precipitated from ether solution by addition of acetone 
and cooling in ice water until a nearly white powder was obtained. The 
mother liquors on evaporation to dryness yielded a soft wax-like residue. 
The firmly bound lipids weighed 115.7 gm., of which 6.16 gm. were unfil- 
trable lipids. 

Isolation of Polysaccharide—After the alcohol and alcohol-ether extracts 
of the bacterial residues had been concentrated and the lipids contained 
therein had been extracted with ether, there remained an aqueous solution 
derived from the moist bacteria. This solution was concentrated under 
reduced pressure to a volume of about 400 cc. and a solution of neutral 
lead acetate was added in slight excess. The resulting precipitate was 
filtered off, washed with water, and discarded. The filtrate was concen- 
trated to a volume of about 150 cc. and the polysaccharide was precipitated 
by means of basic lead acetate and ammonia. The lead salt was filtered 
off, washed with dilute ammonia, suspended in water, and decomposed 
with hydrogen sulfide. The filtrate from the lead sulfide was concentrated 
to a thick syrup and the latter was triturated under absolute alcohol until 
4 nearly white powder was obtained which was filtered off, washed with 
absolute alcohol, and dried in vacuo. The amounts of polysaccharide 
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obtained were small, the total yield being 20.1 gm. The product gave the 
Molisch reaction and the usual pentose color reactions. 


Results 


The phosphatides were isolated separately from each lot of bacterial 
residues by addition of acetone to the ether solution and purified by from 
ten to fourteen precipitations in the same manner. ‘The final precipitation 
was done by pouring the ethereal solution into a large volume of ice-cold 
acetone, whereupon the phosphatide separated as a nearly white compact 
powder. The analyses of the phosphatide fractions are given in Table I. 
It will be noted that all the fractions were very similar in composition. 

Low Melting Wax Recovered from Mother Liquors in Purification of the 
Phosphatide—The mother liquors from the purification of the phosphatide 
were concentrated by distillation until the ether was removed. The solu- 
tion, on cooling in ice water, deposited a brownish solid precipitate which 


TaBLe | 
Composition of the Phosphatide Preparations 


M.p., with 








Lot No. Weight Phosphorus Nitrogen decomposition 
a gm. per cent per cent Cc. 

l 31.77 3.10 0.78 202-215 
2 49.64 3.52 0.61 204-205 
3 46 .60 3.50 0.54 190-195 
4 39.24 

5 41.08 3.5 0.55 200-203 
6 37.22 3.78 0.51 190-195 





was filtered off and washed with cold acetone. A total of 234 gm. of 
material was obtained and it was purified by precipitation from ether solu- 
tion first by addition of acetone and later by methyl alcohol until a nearly 
white powder resulted which weighed 163 gm. and melted unsharply at 
44-51°. The mother liquors on concentration gave a dark colored, soft 
solid mass. 

The Acetone-Soluble Fat—The mother liquors after the low melting wax 
was removed as mentioned above were concentrated to dryness. The 
residue was a reddish brown thick oil that weighed 218.9 gm. 

Isolation of Phthiocol and Anisic Acid from the Acetone-Soluble Fat—The 
acetone-soluble fat was dissolved in ether and extracted with 5 per cent 
sodium bicarbonate solution until the extracts were colorless. The ethereal 
solution was washed with water, dried over sodium sulfate, filtered, and 
the ether was distilled off. The dark colored, oily fat residue weighed 209.8 


gm. 
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The sodium bicarbonate extracts, which were bright red in color, were 
combined and examined for phthiocol and any acids that might be present 
by the methods previously described (4). The only substances that could 
be identified were phthiocol and anisic acid. Estimation of phthiocol in 
the sodium bicarbonate solution by the colorimetric method (6) indicated 
that 0.1763 gm. of free phthiocol was present. The substance was isolated 
and purified by repeated recrystallization from methyl alcohol and gave 
57.8 mg. of yellow prismatic needles which melted at 172-173°. 

The anisic acid was isolated and purified by crystallization from water. 
The yield was 0.1818 gm. of colorless needles, m.p. 283-284°. 

A number of other acids were present but could not be identified. 

A more complete analysis of the acetone-soluble fat will be reported in a 
separate paper. 

The Chloroform-Soluble Wax—The crude chloroform-soluble wax obtained 
on evaporation of the chloroform solution as mentioned earlier weighed 
308.6 gm. For purification the wax was dissolved in ether and precipitated 
by the addition of methyl alcohol and cooling in ice water. These opera- 
tions were repeated until a nearly white powder was obtained. The 
purified wax weighed 232.6 gm. and melted at 53°. 

The mother liquors on evaporation to dryness gave a soft salve-like mass 
which weighed 75.5 gm. 

The properties and composition of the purified wax will be reported in 


a separate paper. 


SUMMARY 

The lipids contained in tubercle bacilli residues from the preparation of 
PPD have been extracted and separated into phosphatide, low melting wax, 
acetone-soluble fat, chloroform-soluble wax, and firmly bound lipids. 

In solubility these lipids resemble analogous fractions previously isolated 
from tubercle bacilli, Strain H-37, but certain differences have been observed 
in chemical composition. The differences in composition of the lipids 
must be due to the variety of the strain of bacilli grown for the production 
of PPD. 


BIBLIOGRAPHY 


1. Seibert, F. B., and G!oun, J. T., Am. Rev. Tuberc., 44, 9 (1941). 

2. Anderson, R. J., Peck, R. L., and Creighton, M. M., J. Biol. Chem., 136, 211 (1940). 

3. Long, E. R., and Seibert, F. B., Am. Rev. Tuberc., 18, 393 (1926). 

4. Crowder, J. A., Stodola, F. H., Pangborn, M. C., and Anderson, R. J., J. Am. 
Chem. Soc., 68, 636 (1936). 

5. Anderson. kt. J., Reeves, R. E., and Stodola, F. H., J. Biol. Chem., 121, 649 (1937). 

6. Reevee, R. E., and Anderson, R. J., J. Biol. Chem., 119, 543 (1937). 














THE CHEMISTRY OF THE LIPIDS OF TUBERCLE BACILLI 


LXIX. THE COMPOSITION OF THE ACETONE-SOLUBLE FAT OF CELL 
RESIDUES FROM THE PREPARATION OF TUBERCULIN* 


By CHARLES O. EDENS,ft M. M. CREIGHTON, ann R. J. ANDERSON 
(From the Department of Chemistry, Yale University, New Haven) 
(Received for publication, April 28, 1944) 


As described in the preceding paper (1) a quantity of acetone-soluble fat 
had been prepared from tubercle bacilli residues which remained from the 
production of a special lot of tuberculin or PPD. This fat has been 
examined in order to determine whether it contained characteristic com- 
pounds such as tuberculostearic acid (2,3), phthioic acid (2, 4), the pigment 
phthiocol (5), and other constituents similar to those previously isolated 
from the acetone-soluble fat of the human tubercle bacillus, Strain H-37. 

It has been shown in a previous report (6) that the carbohydrate fraction 
contained in the phosphatide isolated from the cell residues from the prepa- 
ration of PPD differed from the carbohydrate contained in the phosphatide 
prepared from living tubercle bacilli, Strain H-37. It appeared of interest 
therefore to determine whether the acetone-soluble fat also differed in 
composition. 

After saponification of the fat and extraction of the fatty acids the water- 
soluble component was isolated and identified as trehalose, thus confirming 
our earlier observations that trehalose occurs in the fat of the tubercle 
bacillus in place of glycerol (7). Phthiocol and anisic acid were also iso- 
lated and identified. 

The fatty acids were separated into solid and liquid acids by the lead 
salt-ether procedure. The unsaturated acids present in the liquid acid 
fraction were hydrogenated and removed as ether-insoluble lead salts. The 
original solid acids and the solid acids obtained on hydrogenation were not 
further investigated. 

The saturated liquid fatty acids obtained from the ether-soluble lead 
salts were converted into methyl esters and the esters were separated by 
fractional distillation. ‘The lower boiling ester fraction was optically 
inactive and on saponification it gave an optically inactive acid which was 

* The present report is a part of a cooperative investigation on tuberculosis; it 
has been supported partly by funds provided by the Research Committee of the 
National Tuberculosis Association. 

t Holder of a National Tuberculosis Association Fellowship at Yale University, 
1941-42. 

t Holder of a National Tuberculosis Association Fellowship at Yale University, 
1939-40. 
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liquid at room temperature. In general properties this acid corresponded 
to tuberculostearic acid. This fraction was, however, not homogeneous 
since, when its methyl ester was subjected to careful fractionation, it was 
separated into several fractions and yielded different acids on saponification, 
One of these acids appeared to be a new acid which showed a slight levorota- 
tion and corresponded to the formula CigH3s02. About one-third of the 
original ester was apparently pure methyl tuberculostearate. The end- 
fractions were contamimated with dextrorotatory esters. 

The higher boiling ester fraction was dextrorotatory and on saponifica- 
tion it gave a dextrorotatory acid which in its general properties resembled 
phthioic acid. A more careful fractionation of this acid, which will be 
described in a later report, showed that it was a mixture of several higher 
acids that varied in the magnitude of dextrorotation and in composition, 
but one fraction corresponded in properties to phthioic acid. 

The results obtained in the present investigation indicate that the fat 
contained some of the characteristic compounds previously isolated from 
the fat obtained from Strain H-37, but in addition different liquid saturated 
fatty acids were also present. 

EXPERIMENTAL 

The isolation of the acetone-soluble fat was described in the preceding 
paper (1). The following constants were determined: saponification No. 
213.3, iodine No. 82.3, Polenské No. 0.52, Reichert-Meissl No. 3.45, free 
fatty acids 25.14 per cent, neutral fat 69.38 per cent. 





Saponification of the Fat—Of the original fat, which weighed 209.8 gm., | 


5.2 gm. were reserved. To the remainder were added 9.1 gm. of a mixture 
of free fatty acids and neutral fat recovered from analytical operations; 
hence a total of 213.7 gm. of fat was saponified by refluxing for 6 hours with 
an excess of 5 per cent alcoholic potassium hydroxide in an atmosphere of 
nitrogen. The solution after it had been concentrated to about one-half 
of its original volume was diluted with water and the unsaponifiable matter 
was extracted with seven portions of ether. The ethereal solution was 
evaporated to dryness and the residue was refluxed for 6 hours with alcoholie 
potassium hydroxide. After the saponification mixture had been concen- 
trated, it was diluted with water and again extracted with several portions 
of ether. 

The ethereal solution was washed with water, dried over sodium sulfate, 
filtered,-and the ether was removed by distillation. The residue consisting 
of unsaponifiable matter was a thick, dark colored viscous mass that 
weighed 39.15 gm., corresponding to 18.3 per cent of the fat. The unsa- 
ponifiable matter was highly unsaturated and had an iodine number of 224. 

Isolation of the Fatty Acids—The combined alkaline solutions after the 
unsaponifiable matter had been removed were acidified with hydrochlorie 





ynded 
1eoUus 


r Was 





tion. | 


rota- 


f the | 


end- 


ifica- 
ibled 
ll be 
igher 
tion, 


e fat 
from 


‘ated 


ding 
No. 





i 


free | 


gm., 
ture 
ons; 
with 
re of 
-half 
itter 
was 
oli¢ 
cen- 
ions 


‘ate, 
ting 
that 
nsa- 
224. 

the 
orie 





EDENS, CREIGHTON, AND ANDERSON 589 


acid and the fatty acids were extracted with ether. The aqueous solution 
was examined for trehalose as will be described below. 

The ethereal solution containing the fatty acids was first extracted with 
several portions of 0.5 per cent aqueous sodium bicarbonate in order to 
remove phthiocol, anisic acid, and other substances. The separation of 
these products will be described later. The ethereal solution was next 
washed with water, dried over sodium sulfate, filtered, and the ether was 
distilled off. The crude fatty acids after drying in vacuo weighed 142.85 
gm., corresponding to 67 per cent of the original fat. 

Examination of the Sodium Bicarbonate Extract—The solution was acidi- 
fied with hydrochloric acid and extracted with ether. The ethereal extract 
was washed with water, dried over sodium sulfate, filtered, and the ether 
was distilled off. The residue after drying in vacuo weighed 10.32 gm. By 
means of the methods described earlier (5) it was possible to isolate phthiocol 
and anisic acid from this fraction. The balance of the material represented 
a mixture of acids from which no pure substance could be isolated. 

The crude phthiocol fraction weighed 0.730 gm. For purification the 
substance was sublimed. The sublimate consisted of delicate yellow prisms 
and weighed 162 mg., m.p. 174°. 

The crude anisic acid weighed 0.645 gm. It was purified by several 
recrystallizations from dilute alcohol and was obtained as delicate color- 
less prismatic needles which melted at 183-—184°. 

Isolation of Trehalose—The acidified aqueous solution from which the 
fatty acids had been extracted was neutralized with potassium hydroxide 
and evaporated to dryness under reduced pressure. The residue was 
extracted with 70 per cent alcohol for the removal of water-soluble com- 
ponents. The carbohydrate contained in the solution was isolated as 
described in a previous paper (8). The crude carbohydrate in the form of 
a white powder weighed 4.28 gm. The substance was acetylated by 
refluxing with acetic anhydride and fused sodium acetate. The reaction 
mixture was poured into water and shaken until the acetic anhydride was 
decomposed, after which the acetyl derivative was extracted with chloro- 
form. The chloroform solution was washed with water until the washings 
were neutral to litmus, dried over Na,SQ,, filtered, and concentrated to 
dryness. The residue was recrystallized twice from methyl alcohol. 
Colorless needle-shaped crystals were obtained which weighed 3.50 gm. 
The crystals melted at 78-80°; [a], in CHCl, = +162.9°. The crystal 
form and properties show that the substance was trehalose octaacetate. 

Separation of the Fatty Acids—The total fatty acids, 142.8 gm., were 
separated into solid and liquid acids by the usual lead salt-ether procedure. 
The regenerated solid and liquid acids were subjected a second time to the 
lead salt-ether separation. 

The Solid Acids—The solid fatty acids isolated from the ether-insoluble 
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lead salts weighed 36.29 gm. and were nearly free from unsaturated acids 
since the iodine number was only 2.9. The only acid identified in this 
mixture was hexacosanoic acid. The other components appeared to be a 
mixture of palmitic and stearic acids. 

Isolation of Hexacosanoic Acid—The solid fatty acids were dissolved in | 
300 cc. of hot aleohol. As the solution cooled, thin plate-shaped crystals 
separated. The crystals, after they had been filtered off, washed with 
alcohol, and dried, weighed 1.85 gm. and melted at 82-84°. The acid 
after it had been recrystallized from alcohol and from acetone melted at 
86° and there was no depression of the melting point when mixed with 
normal hexacosanoic acid which melted at 88°. The molecular weight 
determined by titration was 389. The data indicate that the acid was 
nearly pure normal hexacosanoic acid. 

The Liquid Fatty Acids—The liquid fatty acids isolated from the ether- 
soluble lead salts formed a dark colored oil which weighed 96.8 gm. and 
had an iodine number of 68.3. The acids were esterified by refluxing with 
absolute methyl alcohol containing 5 per cent of dry hydrochloric acid. 
The ester was isolated and distilled in a high vacuum through a modified 
Widmer column. The distillate was a light yellow oil which weighed 
66.9 gm. and had an iodine number of 50.8. The non-volatile portion of 
the ester weighed 31.7 gm. and had an iodine number of 117. This frae- 
tion was not further examined. 

The distilled ester was dissolved in a mixture of alcohol and ether and 
reduced with hydrogen in the presence of platinum oxide. The reduced 
ester was completely saturated, as it absorbed no iodine. It was saponified 
and the free acids were isolated. In order to remove the solid reduced 
acids the lead salt-ether separation was repeated twice. 

The liquid saturated acids obtained from the ether-soluble lead salts 
weighed 44.17 gm. and the molecular weight by titration was 362.8. At 
room temperature it was a thick oil. 

The solid reduced acids obtained from the ether-insoluble lead salts 
weighed 17.87 gm. This fraction was not further examined. 

The Liquid Saturated Fatty Acids—The liquid saturated fatty acids were 
esterified by refluxing with absolute methy! alcohol containing 5 per cent 
of dry hydrochloric acid and the ester was isolated in the usual manner, 
The ester which presumably consisted of a mixture of methyl tuberculo- 
stearate and phthioate was fractionated at a pressure of 0.001 mm. through 
a modified Widmer column. On redistillation at the same pressure eight 
fractions were collected. 

The first two fractions having a total weight of 17.4 gm. were distilled 
with the oil bath at a temperature of 160-205°. These fractions were 
optically inactive and corresponded in general properties to the methyl 
ester of tuberculostearic acid. 





cids 
this 


alts 


ere 
ent 
er, 
ilo- 
igh 
zht 


led 
ere 
hy! 














EDENS, CREIGHTON, AND ANDERSON 591 


The next intermediate fraction weighed 2.02 gm. and showed a dextro- 
rotation of 0.55°. 

The next five fractions were distilled with the temperature of the oil bath 
from 234-300°. The total weight of these fractions was 25.19 gm. and they 
varied in specific rotation from +10.3° to +11.9°. The dextrorotation 
would indicate that these fractions consisted largely of methyl phthioate. 
However, the molecular weights of these fractions calculated from the 
saponification equivalents varied from 425 to 430. Since methy] phthioate 
has a molecular weight of 410, the values found would indicate that the 
ester was not pure. 

It will be shown in a subsequent paper that the dextrorotatory ester 
fractions described above yielded on careful fractionation a series of esters 
that varied in optical rotation and in molecular weight. 

Examination of Optically Inactive Liquid Saturated Fatty Acid Ester’ 
The optically inactive ester mentioned above was saponified and the free 
acid was isolated and subjected to a second lead soap-ether treatment. A 
small amount of ether-insoluble lead salt was removed by centrifugation 
and discarded. The acid obtained from the ether-soluble lead salt weighed 
15.6 gm. 

For further purification the acid was esterified with diazomethane and 
the methyl ester was carefully fractionated through a special column at a 
pressure of 1.5 mm.? Several different ester fractions were separated and 
examined. 

A small amount, 1.23 gm., of esters of normal solid acids was separated 
during the fractionation. The solid acids thus removed appeared to con- 
sist of a mixture of myristic, palmitic, and stearic acids. 

The esters of the liquid saturated acids on continued fractionation were 
separated into three principal fractions as indicated below. 

Fraction I—The ester, 0.49 gm., distilled at a column temperature of 
163°. The ester showed a low levorotation, [aj” in ether = —1.25°; 
n> 1.4368. The free acid obtained on saponification of the ester was liquid 
at room temperature; [a]” in ether = —1.2°. The molecular weight by 
titration was 299. 


Cy9H3s02 (298). Calculated, C 76.51, H 12.75; found, C 76.47, H 13.10 


The results indicate that this acid is a new levorotatory acid of the for- 
mula C,9H3s02 and hence isomeric with tuberculostearic acid. 

Fraction 1I—The ester, 3.1 gm., distilled at a column temperature of 
170-180°. The index of refraction was n*° 1.4372. The ester was optically 

‘ We are indebted to Dr. Leonard G. Ginger and Dr. Sidney F. Velick of this labora- 
tory who carried out these experiments. 

* The fractionations were carried out by Dr. Sidney F. Velick through a special 
column which he had designed; a description of its construction and resolving power 
will be published elsewhere. 
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inactive and appeared to be pure methyl tuberculostearate. The free 
acid was liquid at room temperature but it solidified in ice water. The 
molecular weight determined by titration was 299. The calculated molee- 
ular weight for CigH 30, is 298. 

Fraction III—This material, 3.15 gm., consisted of various end-fractions 
which had been collected at column temperatures between 180-200°, 
These fractions showed specific dextrorotations from +0.6° to +3.4° and 
were therefore contaminated with small amounts of dextrorotating acids. 


SUMMARY 


The acetone-soluble fat isolated from tubercle bacilli residues from the 
preparation of tuberculin has been examined for characteristic constituents 
previously found in the fat of the human tubercle bacillus, Strain H-37. 

The fat was similar in composition to the fats previously analyzed and 
consisted of fatty acid esters of the disaccharide trehalose. 

Among the cleavage products liberated on saponification were the pig- 
ment phthiocol and anisic acid. 

The liquid saturated fatty acids contained in addition to tuberculostearic 
acid and phthioic acid several other higher liquid saturated fatty acids. 
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CHEMICAL STUDIES ON POWDERED KERATINS 
By BEATRICE EDWARDS* anp JOSEPH I, ROUTH 
(From the Biochemical Laboratory, State University of Iowa, Iowa City) 
(Received for publication, May 15, 1944) 


Numerous studies have been made on the alteration of the characteristic 
properties of keratins by such chemical agents as alkali, acid, sulfide, sulfite, 
amines, guanidine, urea, and oxidizing and reducing agents. An increased 
solubility and a decreased resistance to enzyme action were usually ob- 
served. Similar changes have been produced by the mechanical breakdown 
of wool keratin in a ball mill. As the wool was ground, an increasing frac- 
tion of its nitrogen and sulfur became soluble in water (1, 2), and the 
powdered material was digestible by enzymes in vitro (1) and in vivo (3). 
Similar chemical studies have been undertaken to determine the changes 
that occur when keratins other than wool are ground in the ball mill. 


EXPERIMENTAL 


The keratins employed in this investigation were human hair, chicken 
feathers, duck feathers, porcupine quill, turkey quill, and turkey fan. Con- 
siderable quantities of each material were carefully cleaned and defatted. 
After the material was cut to uniform size in a Wiley mill, the keratins were 
powdered and screened as heretofore described (2). Prior to analysis 
samples were dried in a vacuum oven at 65° and stored in a vacuum desic- 
cator over phosphorus pentoxide. 

Extracts of the powdered material were prepared by suspending samples 
(6to 7 gm.) in water (35 ml.) with stirring for 15 minutes. The suspensions 
were centrifuged, the supernatant liquid was removed, and the process 
repeated three times. The residue after extraction was dried in a vacuum 
oven. 

Total nitrogen was determined by Kjeldahl and total sulfur by the Bene- 
dict-Denis methods. Cystine determinations were made by the methods of 
Shinohara (4) and Sullivan (5). The inorganic sulfate content of the 
extracts was determined gravimetrically after precipitation with barium 
chloride. 

Separation of a powdered keratin into fractions of different particle size 
was deemed unnecessary because little chemical variation was observed 


* The experimental data are taken from a dissertation submitted by Beatrice 
Edwards to the Faculty of the Graduate College of the State University of Iowa in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy, July, 
1942. 
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between these fractions. This confirms the observations made on powdered 
wool (2); chemical composition of the particles depended not on particle 
size but rather on duration of the grinding process. The data presented in 
Tables I and II are therefore restricted to alterations in the composition of 
keratins as affected by the length of grinding. The various keratins were 
usually ground by 500,000 and 1,000,000 revolutions of the ball mill. To 


TABLE I 


Composition of Keratins 


Cystine 
Material | Ball mill revolutions Nitrogen | Sulfur = —— “ Ash 
Sullivan | Shinohara 


per cent per cent per cent per cent per cent 
Hair None 15.80 5.48 16.45 16.35 | 0.8 
500 , 000 15.77 5.54 13.75 13.75 | 0.9 
1,000,000 15.41 | 5.59 | 6.74 | 9.15 | 2.7 
Turkey fan | None 15.93 | 2.87 7.65 7.89 | 1.7 
500,000 | 15.95 | 2.82 5.24 5.84 | 1.9 
1,000,000 15.81 2.93 2.67 2.01 | 9.1 
“ quill | None 16.03 2.56 7.80 7.48 | 0.3 
500,000 15.90 2.71 5.01 5.09 0.5 
1,000,000 16.27 2.63 5.37 5.62 | 0.6 
Duck feathers None 15.74 3.25 10.50 9.50 | 1.1 
500 ,000 16.17 3.13 6.68 | 7.24 1.7 
Porcupine quill! None 15.96 2.01 5.11 6.21 0.2 
500,000 15.96 2.23 4.21 3.73 | 0.5 
Chicken None 15.95 2.66 5.80 > ia 
feathers 100,000 15.88 2.99 5.26 6.25 | 1.4 
| 200 , 000 15.96 2.97 4.67 6.16 1.5 
300 , 000 15.96 | 2.92 4.33 5.42 1.7 
| 400 , 000 15.80 | 2.90 1.05 4.82 

500,000 15.81 | 2.90 3.99 4.42 | 1.5 
600 , 000 16.16 2.88 3.73 4.16 | 3.0 

700,000 16.19 2.95 3.66 3.38 | 
800 , 000 16.04 2.94 3.16 2.20 1.6 

900 , 000 16.45 2.91 2.58 1.88 

1,000,000 16.03 2.84 1.63 1.96 10.4 
2.84 1.48 2.43 | 9.3 


1, 500,000 15.86 


obtain more complete information about that keratin, one lot of chicken 
feathers ground for a total of 1,000,000 revolutions was sampled at intervals 
of 100,000 revolutions and another portion was ground by 1,500,000 revo- 
lutions. 

The nitrogen content of the keratins was not appreciably altered by the 
grinding process, but the water-soluble nitrogen increased with the duration 
of grinding except in the case of turkey quill. The water-soluble nitrogen 
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could be completely precipitated by saturation of the solution with sodium 
sulfate ; 20 per cent trichloroacetic acid precipitated 80 to 95 per cent of it, 
whereas 20 per cent sulfosalicylic acid precipitated none of it. This sug- 
gests that the soluble fragments are of the approximate molecular size of 
peptones. The residue after extraction contained slightly less nitrogen 
than the unextracted material. 

As with powdered wool, the greatest changes were observed in the cystine 
content of the keratins. The values by both the Sullivan and Shinohara 


TasBLe II 


Aqueous Extracts of Powdered Keratins 






































Nitrogen content of . Cystine content of Sulfur content of 
eo ae boas 2, an ae Water-soluble fraction eo 
Ball | 
— |Water- | — |Water- ~ 
Material a. Ss a Resi- | = an Resi- | ~ Inor- J. 
tions | Z| trace | ue | B | gac- | due | B | Totat ganic] Oe) S+ 
a tion a tion # (4) ate | (/) 22] 
: 5 q (e) 3) | 
é & & az 
~ i>) =) _ 4 
per per per | per | per | per 
a per per | per per | per per 
millions) cont of (a) — one of 0) ome | om of) of. (a) of () of td) cone 
Hair 0.5 |15.80} 4.16]15.43/13.75| 0.39)12.61/5.54) 1.58/72.7|19.6) 7.7|5.09 
1.0 |15.41/12.72)15.00) 6.74] 2.36) 6.48)5.59)10. 10/43.7/17. 2/39. 1/5.20 
Turkey fan 0.5 |16.12/13.86)15.52| 5.24) 1.44) 3.83}/2.82/12.87/35.5| 5.5)59.0)2.80 
1.0 |15.81/22.80)15.37| 2.67) 9.43) 2.04/2. 93/21 .80)/24.0)19.3)56.7/2.54 
” quill | 0.5 |15.90/14.87/15.83) 5.01) 1.43) 4.59/2.71/10.30/35.2) 6.8)/58.0)/2.34 
1.0 |15.31)11.86}15.94| 5.37] 3.62) 4.25/2.63) 8.15)38.9/22.2)38.9/2.57 
Duck feathers} 0.5 |16.17)14.78)15.27| 6.68) 3.34) 5.23)3.13)14.77/42.2)/12.6)/45. 2/3 .66 
Porcupine 0.5 |16.22)16.11/15.84) 4.21) 3.68) 3.18/2.23)16.00)/49.1/11.8)39.1/2.27 
quill 
Chicken 0.5 {15.91/11.71/15.60) 3.99] 2.07) 4.23/2.90)11.25/56.1| 6.7/37.2/2.90 
feathers 1.0 |16.03/40.70/14.97| 1.63/15.06] 2.81/2.84/42.80/36.6) 5.4/58.0/2.67 
1.5 |15.86/42.50)15.17| 1.48/34.40] 2.60/2.65/39. 80/38 .9)12.8)48.3/2.78 












































methods are given in Table I. Since the Shinohara method reacts to metals, 
and iron from the ball mill was present in many of the hydrolysates, the 
values given by the Sullivan method are considered more accurate and are 
used throughout in Table II. Qualitative tests for cystine on water ex- 
tracts were uniformly negative. After hydrolysis with 20 per cent hydro- 
chloric acid, extracts exhibited cystine values that increased with the dura- 
tion of grinding. The residues after extraction contained a smaller amount 
of cystine than the unextracted material, except in the powdered chicken 
feathers. 
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The total sulfur content of the powdered keratins and of the residues 
after extraction was affected only slightly by the grinding process. The 
water-soluble extracts contained increasing amounts of sulfur as grinding 
was prolonged. In general the sulfur values for these fractions closely 
paralleled the nitrogen values. Inorganic sulfates accounted for approxi- 
mately one-fourth to one-half of the total soluble sulfur, while cystine sulfur 
made up about 5 to 22 per cent of the total. Partially oxidized sulfur of the 
extracts calculated by difference accounted for approximately 40 to 60 per 
cent of the soluble sulfur. 

With the exception of human hair, the keratins used in this investigation 
exhibited more pronounced chemical changes than wool when they were 
ground in a ball mill. A larger fraction of the nitrogen and sulfur of the 
original keratin became soluble in water and the decrease in the cystine 
content was usually greater than that observed with wool keratin. These 
differences were especially apparent in the grinding of chicken feathers. 
The degradation of these proteins in the ball mill was accompanied by oxi- 
dation as noted previously (2); only 5 to 22 per cent of the water-soluble 
sulfur was in the form of cystine, while the remainder was either partially 
or completely oxidized to inorganic sulfates. 


SUMMARY 


1. When the keratins of human hair, turkey feathers, duck feathers, 
chicken feathers, and porcupine quill were ground in a steel ball mill, a 
marked decrease in the cystine content of the powdered material was ob- 
served. The nitrogen and sulfur content of the keratins was not appre- 
ciably affected. 

2. Aqueous extracts contained increasing amounts of nitrogen, cystine, 
inorganic sulfates, and partially oxidized sulfur compounds. With the 
exception of human hair, a larger fraction of the original keratin was soluble 
in water than that from wool. 

3. Mechanical degradation of these keratins was apparently accompanied 
by oxidation, as evidenced by the decrease in cystine sulfur and the presence 
of one-fourth to one-half of the water-soluble sulfur in the form of inorganic 


sulfates. 
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THE PHOTOFLUOROMETRIC DETERMINATION OF ATABRINE 


By M. E. AUERBACH ano H. WILLIAM ECKERT 


(From the Research Laboratories of the Winthrop Chemical Company, Inc., Rens- 
selaer, New York) 


(Received for publication, May 6, 1944) 


Since the introduction of atabrine more than a decade ago, at least a 
score of papers have appeared dealing with its determination in the biologi- 
cal fluids and tissues. The early work of Hecht (1) and of Tropp and Weise 
(2) established the general colorimetric methods upon which later con- 
tributions (3-9) were based. Gentzkow (10) suggested a new approach; 
i.e.,a nephelometric method involving the use of modified Tanret’s reagent. 

With the help of these methods, the various authors and their coworkers 
have recorded a valuable body of data having to do with the elimination of 
atabrine in urine and feces, and its deposition in the various tissues. Nei- 
ther the colorimetric nor nephelometric approach, however, is delicate 
enough for the estimation of atabrine in the blood of subjects undergoing 
normal therapeutic treatment. For.this purpose, only the extreme sensi- 
tivity of the photofluorometric method suffices. 

As early as 1933, Massa (11) published some observations on the fluores- 
cence of extracts prepared from the urine and blood of subjects undergoing 
atabrine medication. In 1935, Roncoroni (12), of the same laboratory 
group, extended Massa’s observations and stated that, for concentrations 
less than 1 mg. per cent, the fluorescence intensity of atabrine solutions 
under Wood’s light is proportional to the concentration of the drug. 

During 1943, the need for more extensive knowledge concerning the 
distribution of atabrine in the body partly manifested itself in the publica- 
tion of several papers. The data of Dearborn, Kelsey, Oldham, and 
Geiling (13) and of Scudi and Hamlin (14) indicate that their methods, 
while suitable for the estimation of urine, fecal, and tissue concentrations, 
were not sufficiently sensitive for blood assays. Each of these methods 
depends upon measuring the fluorescence produced in amyl alcohol solu- 
tions of atabrine base. The same solvent was utilized in 1939 by Dubost 
and Allinne (9) in conjunction with a visual type fluoroscope. 

With the publication of the work of Masen (15) and especially of Brodie 
and Udenfriend (16), the photofluorometric assay of atabrine in blood 
attained the status of a truly useful method. Each of these is described 
as a simple method by the authors. Nevertheless, each involves inconven- 
ient complications. The method to be described here is felt to be simpler 
than any heretofore published. At the same time, no concession has been 
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made as to sensitivity. Indeed, if anything, the sensitivity of the general 
method has been somewhat improved. 

This improvement follows largely from the observation of Ferrari (17) 
that the fluorescence of solutions of acridine derivatives is intensified by 
the addition of caffeine sodium benzoate. A survey of the effect of various 
media on the fluorescence of atabrine led the present authors to adopt 











TABLE I 
Relative Net Fluorescence of 0.5 y of Atabrine in 16 M1. of Various Solvents (H,O = 100) 
Solvent No. Fa Solvent No. Bi." 
RSS? > are 143 | 20. Propylene dichloride.........} 357 
SR ae 343 | 21. is - 9 vol- 
3. 1% borax 343 umes + acetic acid, 1 vol- 
4. 10 ml. 0.1 nw H.SO, with 1 ml. ume SS eenee 4 Py: 257 
caffeine reagent* diluted to 16 22. Acetone..... 114 
ml. , 614 | 23. Methyl isobutyl ketone 114 
5. Same as Solvent 4, but lacking 24. ‘¢ n-amyl ketone. . 128 
caffeine sodium benzoate com- 25. Ethyl acetate 14 
ponent 457 | 26. Amyl ‘“ ; 14 
6. Same as Solvent 4, but lacking 27. n-Hexane (skellysolve B) 2 
only caffeine component (i.e., 28. Ethyl ether 14 
equivalent amount of sodium 29. Dibutyl ether , 14 
benzoate added).. 471 | 30. 2,2’-Dichloroethy] ether. . 583 
7. Methyl alcohol 343 | 31. Benzene....... 2 
8. U.S. P. ethyl alcohol 428 | 32. Toluene : 14 
9. Isopropyl! alcohol 343 | 33. Xylene : 43 
10. n-Butyl alcohol 157 | 34. Chlorobenzene....... 28 
11. Isobutyl alcohol 471 | 35. Trichlorobenzene 43 
2. n-Amy!l alcohol. 257 | 36. 85% lactic acid ; 471 
13. Isoamy] alcohol iene 400 | 37. Tetrachloroethylene 180 
Rs eee cc acees cl ee fae o 7 ~vol- 
15. Methylene chloride............ 28 umes + 25% (weight per 
og EE rr eee 200 | volume) trichloroacetic 
17. Carbon tetrachloride...........| 14 acid in absolute ethanol, 1 
18. Ethylene dichloride ...........| 243 volume....... weece| See 
19. re - 9 volumes + 
acetic acid, 1 volume..... ..| 486 





* Described below. 


Ferrari’s reagent. Table I indicates the surprising extent to which choice 
of solvent determines the fluorescence intensity of atabrine. The figures 
are not intended to be taken as more accurate than +10 per cent. 
Instrument—Of the three instruments with which the authors have had 
extensive experience, the Coleman No. 12 photofluorometer has been found 
to be the most satisfactory. This instrument is subject to the instability 
inherent in non-balanced circuits, but more than makes up the deficit m 
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superior simplicity and sensitivity. The filter system used by the authors 
consists of Corning Filter 5113 between the lamp and sample tube, and 
Corning Filter 3385 between the sample tube and photo element.’ 

Reagents— 

NaszHPO,:12H20, 5 gm. in 100 ml. of water. 

0.1 N (approximate) H.SQ,. 

0.05 N (approximate) NaOH. 

10 per cent NaOH. 

Ethyl! ether. 

Solution for intensifying atabrine fluorescence (hereafter termed “caffeine 
reagent’’). This solution is prepared as follows: Dissolve 10 gm. of caffeine 
sodium benzoate, U. 8. P., in 30 ml. of water and 40 ml. of 95 per cent 
ethanol. Add 20 ml. of diethanolamine, dilute to 100 ml. with water, and 
mix. Commercial samples of diethanolamine may contain fluorescent 
impurities. These may be removed by distillation under reduced pressure 
in an all-glass still. The fluorescent matter remains in the residue. 

Standard Atabrine Solution—Dissolve 100 mg. of pure atabrine dihydro- 
chloride dihydrate in water and dilute to exactly 100 ml. Working dilu- 
tions should be prepared daily from this stock solution by diluting with 0.2 
per cent monosodium phosphate solution so that 1 ml. of the final dilution 
contains 1 y of atabrine. 

Technique for Blood—Pipette 5 ml. of oxalated whole blood into a 125 ml. 
Squibb separatory funnel containing 10 ml. of 5 per cent disodium phos- 
phate solution. Add 30 ml. of ether and shake for 3 minutes. Very little 
emulsion forms. Allow the two layers to separate and tap off the aqueous 
layer. Wash the ether layer with three portions of about 5 ml. of 0.05 nN 
sodium hydroxide, and once with 5 ml. of distilled water. 

To the ether layer add 5 ml. of 0.1 N sulfuric acid and shake for 30 sec- 
onds. Collect the acid extract in a 25 ml. glass-stoppered graduated 
cylinder. Extract the ether with a second 5 ml. portion of acid, adding the 
second extract to the first. Wash down the stopper with about 2 ml. of 
water, shake to collect as much as possible of the aqueous layer in the bot- 
tom of the funnel, and add this final wash to the collected acid extracts. 
Dilute to the 15 ml. mark with water. Add 1 ml. of the caffeine reagent, 
stopper, and mix. The solution is then ready to read in the fluorometer. 
The standard for comparison consists of a mixture of 1 y of atabrine (1 ml. 
of diluted standard) with 10 ml. of 0.1 N HeSO, and 1 ml. of caffeine reagent, 
diluted to 16 ml. with water. Deduct from all readings the apparent 
fluorescence of a blank consisting of 10 ml. of 0.1 N HeSO, plus 1 ml. of 
caffeine reagent diluted to 16 ml. with water. 

This method has been applied successfully to human, rat, dog, and rabbit 


1 Corning Filter 3486 was originally used as the secondary filter, but after a per- 
sonal communication from Dr. B. B. Brodie, Filter 3385 was adopted. 
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blood. Duck blood, which jellies very badly, must be prepared in 4 
special way. Pipette 5 ml. of oxalated duck blood into a test-tube, add 2 
ml. of 10 per cent NaOH, stir with a glass rod, and digest for 30 minutes in 
a water bath at 80°. Mix the tube contents occasionally with the rod, 
Cool and transfer the blood digest, with the aid of a minimum volume of 
water, to a separatory funnel. Continue as already directed. 

The alkaline digestion destroys the naturally occurring emulsifying 
substances so completely that subsequent shakings with immiscible solvents 
lead to no emulsification whatever. For this reason, many analysts may 
prefer to assay all blood samples by this alternate method. 

The method lends itself to multiple assays. One technician can readily 
handle twelve funnels set up on one rack. 

Technique for Urine—Urine is assayed in the same way as blood, except 
that it is always necessary to dilute the sample because of the larger quanti- 
ties of atabrine present. For example, after the oral administration of 
100 mg. of atabrine, the average initial 24 hour output of a man is about 
0.4 mg. Urine of this concentration should be diluted four or five times 
before testing. In following the urinary output of persons undergoing 
chronic dosage, it is often convenient to omit the use of the caffeine reagent, 
and simply dilute the final sulfuric acid extracts to 25 ml. before comparing 
with the standard similarly prepared. For this purpose, use 1 ml. of a 
special standard dilution containing 10 y per ml. 

Technique for Tissues—A weighed aliquot of the tissue is minced in a 
Waring blendor after being diluted 10 to 40 times with water. 10 ml. of 
the well mixed suspension are pipetted into a test-tube and 2 ml. of 40 per 
cent NaOH added. After being mixed with a glass rod the sample is 
digested for 30 minutes in a water bath at 80°. The contents of the tube 
are then cooled and transferred with the aid of a little water to a separatory 
funnel. Ether is added, and the determination completed as already 
described for blood. 

If the preliminary alkaline digestion is omitted, recoveries are 10 to 15 
per cent lower than otherwise. This is particularly true of heart and other 
muscular tissue. 

Accuracy of Method—Since these procedures were instituted, late in 1942, 
periodic rechecks of percentage recoveries from the various tissues show that 
the loss inherent in the analyses amounts to not more than 2 per cent. This 
holds true when the atabrine reference standard is subjected to the extrac- 
tion procedure, together with normal blood, urine, or tissue, as the case 
may be. However, for the sake of convenience, it is recommended that 
the reference standard simply be diluted with acid and caffeine reagent as 
given in the blood technique. The apparent loss then becomes largef 
(about 4 per cent) but recoveries are still within reasonable limits. A few 
representative recovery tests are outlined in Table IT. 
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Influence of Temperature on Fluorescence Intensity—It has been pointed 
out (16) that the temperature of the solvent affects the fluorescence 
intensity. The quantitative relationship has been investigated and is 
indicated in Table III. 





TaBLe II 
Recovery Data. Standard Not Subjected to Extraction Procedure 
Sample Atabrine added ao oe, 
7 
5 ml. whole blood (dog)... 0.2 96 
_— ” ™ - 0.6 96 
25 urine (dog) 2.0 97 
25 “* “ " 2.0 97 
2%gm.liver “ 500.0 96 
— Pg - : 500.0 96 
_ 2 i , 500.0 97 
—" wem * ; Oe ee 10.0 96 
heart | ; 10.0 95 
- * 4) ¥ 500.0 96 
hs s ? >i 500.0 96 
5 ml. whole blood (duck)...... 0.2 96 
— - ™ - : 0.6 96 
faba 6 ‘* (dog) : 0.4 96 
oe " ns 0.4 95 
a 7 oy Pri $i - 0.4 95 


The last five analyses were made after preliminary digestion with sodium 
hydroxide. 
TaB_e III 
Relative Fluorescence Intensity at Various Temperatures, Expressed As Net Deflection 
(Galvanometer Divisions), with Instrument at Full Sensitivity 





Temperature 0.6 y in 16 ml. solvent containing 10 y in 25 ml. water containing 
caffeine reagent 10 ml. 0.1 w HeSO, 

Tc. 

16 52 65 

20 49 57 

24 48 53 

25 45 

26 13 50 

28 $1 47 

32 39 43 

36 37 40 


These data clearly demonstrate that it is desirable to work at tempera- 
tures below 24°. Loss of sensitivity at higher temperatures does not, of 
course, involve loss of accuracy, so long as both sample and standard are 
at the same temperature. A question of practical importance is whether 
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the sample heats up to any significant extent during the short time it is 
held in the fluorometer. 

To answer this question, the temperature rise was determined in a sample 
kept in the instrument for 3 minutes. Readings were taken at the end of 
every minute. The rise was very regular, amounting to 0.5° per minute. 
The result was the same, regardless of whether the shutter between the 
mercury lamp and sample was kept open or shut. 

In short, it is unnecessary to attempt to control the temperature of the 
sample during the fluorometric readings. If the room temperature happens 
to be above 24°, the sensitivity of the method suffers. The only practical 
ways to meet this difficulty would be to work in a controlled temperature 
room, or to employ a controlled temperature bath for the sample tubes. 
Workers in tropical climates might well give further consideration to this 
matter. 

SUMMARY 


A fluorometric assay method for atabrine in body fluids and tissues has 
been described. The sensitivity is such that a 5 ml. sample of blood con- 
taining 0.1 y of atabrine «an be analyzed satisfactorily. The sensitivity 
is adequate for the analysis of blood levels following normal therapeutic 
dosage. At the level of 40 y per liter of whole blood, the recovery loss is 
about 4 per cent, and can be reduced to about 2 per cent if normal blood is 
available. The convenience and simplicity of the method should make it 
especially useful to clinical laboratories. Technicians with no previous 
specialized training have been able to achieve satisfactory results after 
only a few days experience. 

During the year and a half the method has been used, a large number of 
determinations have been made on blood, urine, and tissues from various 
laboratory animals, as well as on human blood and urine. Pharmacological 
data including these analytical results will be presented elsewhere. 

Data are submitted to show the effect of solvent and temperature on the 
fluorescence intensity of very dilute solutions of atabrine. 
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In a previous paper evidence was presented which showed that, while 
the conjugated urinary 17-ketosteroid, sodium dehydroisoandrosterone 
sulfate, was partially destroyed by hydrochloric acid hydrolysis, it could 
be recovered quantitatively in the free form after barium chloride hydrolysis 
(1). It was shown further that sodium pregnanediol glucuronidate can 
be hydrolyzed to free pregnanediol without destruction by means of an 
enzyme (2). The present paper extends these observations to include 
measurements of certain free steroids obtained after barium chloride, enzy- 
matic, or hydrochloric acid hydrolysis of extracts of urine from three 
patients with adrenal cortical virilism. 

Convenient methods are available for assaying the 17-ketosteroid content 
of crude urine extracts. On the other hand, measurement of urinary 
non-ketonic steroids has been more difficult because, with the possible 
exception of pregnanediol (3, 4), no sensitive assay procedures for their 
determination have been available. That urine may contain quantities of 
interesting non-ketonic alcoholic steroids has been demonstrated by Mar- 
rian and Butler who isolated a large amount of 3(a),17 ,20-pregnanetriol 
from the urine of a patient with an adrenal cortical tumor (5, 6). Reich- 
stein and others (7) have shown that such steroids with hydroxyl groups at 
positions 17 and 20 on the steroid molecule (I) may be oxidized readily to 
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a 17-ketosteroid (II) by periodic acid. Fieser has recently called attention 
to the fact that this reaction is relatively specific and reasonably quantita- 
tive and that the 17-ketosteroid formed by periodic acid should be determi- 
nable by available assay procedures.! Accordingly, the present communica- 
tion reports observations on the application of this reaction to neutral 
non-ketonic substances obtained after the various forms of hydrolysis 
mentioned above. The results obtained indicate that the periodic acid 
reaction should be a valuable adjunct to the measurement of urinary non- 
ketonic steroids and hence to studies of the excretory transformation 


products of steroid hormones. 


Analytic Procedure 

Collection and Extraction of Urine—The procedure employed is similar 
to that used previously for the recovery of sodium dehydroisoandrosterone 
sulfate from urine (1). The urine is collected with 200 cc. of n-butanol per 
liter added as a preservative. It is extracted by shaking four times with 
one-eighth its volume of n-butanol in a separatory funnel. The combined 
butanol extract is washed six times with one-twenty-fifth its volume of y 
sodium hydroxide solution. The butanol extract is then washed repeatedly 
with one-twenty-fifth its volume of 0.1 N hydrochloric acid solution until 
the washings have a pH of between 5 and 7 (red to litmus and to Congo 
red paper). The extract is finally washed two or three times with one- 
twenty-fifth its volume of 0.1 N sodium acetate buffer solution (pH 6.0). 
The pH of these final washings should be between 5.5 and 6.5. The 
washed butanol extract is then evaporated to dryness in a vacuum distilla- 
tion apparatus at a temperature not exceeding 25°. The residue is dis- 
solved in a small quantity of methanol (crude unhydrolyzed urine extract), 
The methanol solution of the extract is stable for several weeks at 0-5°. 

Hydrolysis of Crude Unhydrolyzed Urine Extract—Aliquots of the metha- 
nol solution of the urine extract may be subjected to barium chloride, 
enzymatic, or hydrochloric acid hydrolysis as follows: 

Barium Chloride Hydrolysis—The procedure employed corresponds 
closely to that described for sodium dehydroisoandrosterone sulfate (1). 
An aliquot of the methanol solution of the urine extract is evaporated to 
dryness at a temperature not exceeding 25°. The residue is dissolved in 
100 ce. of 0.1 N sodium acetate buffer solution (pH 6.0) and 15 gm. of cr. 
barium chloride are added.* The pH of the solution is then adjusted toa 
value of 5.8 to 6.2 by the addition, as found necessary, of 0.1 N sodium 


1 Fieser, L. F., unpublished observations. 
2 The free steroid content of this aqueous solution may be determined by extracting 
The extract 


the solution with ether or ethyl acetate prior to heating and hydrolysis. 
thus obtained is assayed as outlined below. 
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hydroxide solution or of 0.1 N acetic acid solution.* This aqueous solution 
is overlaid with approximately 20 cc. of toluene and is heated on a boiling 
water bath under a reflux condenser for 4 hours. It is then allowed to cool 
and is extracted once with the toluene already present and three times with 
25 ec. lots of ethyl acetate. The combined toluene-ethyl acetate extract 
is washed in a separatory funnel three times with 25 ec. portions of N 
sodium hydroxide solution and 3 times with 25 cc. lots of water.‘ The 
washed extract is then evaporated to dryness on a steam bath. The 
residue (barium chloride hydrolysate) is separated into ketonic and non- 
ketonic fractions with Girard’s Reagent T as described below. 

Enzymatic Hydrolysis—This method of hydrolysis is similar to that 
devised for the hydrolysis of sodium pregnanediol glucuronidate (2). An 
aliquot of the methanol solution of the crude urine extract is evaporated 
to dryness at a temperature not exceeding 25°. Remaining traces of 
methanol are removed by the addition and subsequent evaporation of small 
quantities of anhydrous ethyl ether. The dry residue is dissolved in 15 cc. 
of distilled water. 10 cc. of 0.1 N sodium acetate buffer solution (pH 5) 
are added and the pH of the resultant solution is determined. If neces- 
sary, the pH is adjusted to 5 by the addition of small quantities of 0.1 N 
sodium hydroxide solution or of 0.1 N acetic acid solution. To the solu- 
tion at pH 5, 400 mg. of acetone-dried powdered rat liver enzyme are added 
with brief stirring. After 4 hours incubation at 37°, the mixture is filtered 
through Whatman No. 2 paper and the insoluble material on the filter is 
washed three times with 5 cc. portions of water. The original filtrate and 
the water washings are combined and extracted four times with 10 cc. 
portions of ethyl acetate. The combined ethyl acetate extract is washed 
three times with 10 cc. lots of N sodium hydroxide solution and four times 
with 10 cc. portions of water. In addition, the insoluble material on the 
filter is extracted on the filter by washing five times with 5 cc. portions of 
hot ethanol. The ethanol extract thus obtained and the washed ethyl 
acetate extract mentioned above are combined and evaporated to dryness 
on a boiling water bath. The residue (enzymatic hydrolysate) is separated 
into ketonic and non-ketonic fractions, as described below. 

Hydrochloric Acid Hydrolysis—An aliquot of the methanol solution of 
the crude urine extract is evaporated to dryness as described above. The 


*Small aliquots were removed for pH determinations. The color chart of indi- 
cators of Clark (8) was used. 

‘These washings may be combined and added to the barium chloride hydrolysis 
solution which, when acidified, may be saved for subsequent hydrochloric acid hy- 
drolysis (see below). 

* This filtrate plus the water washings may be hydrolyzed subsequently with 
barium chloride according to the procedure given above after the pH of the solution 
has been adjusted to 6. 
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residue is dissolved in 100 ce. of water and 15 cc. of technical hydrochlorie 
acid are added. The mixture is boiled for 10 minutes under a reflux con- 
denser and is then cooled immediately under a stream of cold water. The 
hydrolyzed mixture is extracted in a separatory funnel four times with 
25 cc. portions of ethyl acetate. The combined ethyl acetate extract is 
washed with n sodium hydroxide solution (25 cc., three times) and with 
water (25 cc., three times) in a separatory funnel. The washed extract is 
evaporated to dryness on a boiling water bath. The residue (hydrochloric 
acid hydrolysate) is separated into ketonic and non-ketonic fractions, as 
described below. 

Consecutive Hydrolysis—In experiments designed to obtain maximum 
yields of hydrolysate, the crude unhydrolyzed urine extract may be sub- 
jected to more than one type of hydrolysis as follows: (a) enzymatic, fol- 
lowed by barium chloride, followed by hydrochloric acid, or (6), enzymatic, 
followed by hydrochloric acid, or (c), barium chloride, followed by hydro- 
chloric acid. Because barium inhibits the enzyme, it is difficult to use 


enzymatic after barium chloride hydrolysis. When the crude urine extraet | 


is hydrolyzed consecutively, the hydrolysate formed by each of the pro 
cedures is extracted from the aqueous solution as outlined above before 
another hydrolytic procedure is applied to the partially hydrolyzed aqueous 
solution. 

Separation of Hydrolysate into Ketonic and Non-Ketonic Fractions—The 
dried residue of the extracts obtained following the various types of hydroly- 
sis is separated into ketonic and non-ketonic fractions with the aid of Gi- 
rard’s Reagent T, according to a procedure described previously (9). The 
ketonic residue is dissolved in a measured quantity of absolute ethanol 
preparatory to colorimetric assay. The non-ketonic residue may be 
weighed and then dissolved in a measured quantity of absolute methanol 
preparatory to the periodic acid reaction. 

Periodic Acid Reaction—This reaction is used to convert certain non- 
ketonic steroids into 17-ketosteroids. Approximately 5 mg. of nom 
ketonic material are dissolved in 2.7 cc. of absolute methanol. 0.1 ce. af 
this solution is removed and saved for colorimetric assay. If after thorough 
stirring insoluble material is present, it should be removed by filtration. 
To this solution 0.5 ce. of a freshly prepared 50 per cent aqueous methand 
solution containing 70 mg. of periodic acid and then 0.04 cc. of concentrated 
sulfuric acid are added. After the mixture has stood for 1 hour at room 
temperature (20-25°), it is transferred to a 250 cc. separatory funnel with 
180 ec. of ethyl ether. The resultant ether solution is washed three times 
with 25 cc. lots of a freshly prepared 10 per cent solution of sodium hydro 
sulfite in N sodium hydroxide solution. During each of these washings the 
separatory funnel should be shaken for about 2 minutes. The ether solution 
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jg now washed once with 25 cc. of N sodium hydroxide solution and four 
times with 25 cc. portions of water. The washed ether solution is evapo- 
rated to dryness. The residue (formed 17-ketosteroids) is dissolved in a 
measured volume of absolute ethanol preparatory to colorimetric assay. 

17-Ketosteroid Assay—The 17-ketosteroid content of each ketonic and 
non-ketonic fraction is determined colorimetrically by the absolute aleohol- 
m-dinitrobenzene-KOH procedure, as described elsewhere (10). All values 
are corrected for interfering chromogens by means of a color correction 
equation (10). 17-Ketosteroids present in fractions which have not been 
treated with periodic acid are termed preformed 17-ketosteroids. The 
quantity of 17-ketosteroids formed by the action of periodic acid upon non- 
ketonic material (formed 17-ketosteroids) is equal to the 17-ketosteroid con- 
tent of a given quantity of non-ketonic material after periodic acid treat- 
ment minus the 17-ketosteroid content of the same sample before treatment 
with periodic acid. 


Material 


A major part of the experimental work reported here has been carried 
out on extracts of urine obtained from two adult female patients with 
virilism due to a carcinoma of the adrenal cortex and one 13 year-old girl 
with virilism due to adrenal cortical hyperplasia. Preliminary measure- 
ments have also been made on extracts of urine from normal, young adult 
men and women. In addition certain studies have been carried out on a 
sample of A*-pregnene-3-one-17 ,20,21-triol (m.p. 226-228°) obtained 
through the courtesy of Dr. L. F. Fieser. 


EXPERIMENTAL 


Periodic Acid Reaction—In the course of preliminary experimentation 
it was observed that the efficiency of the periodic acid reaction was influ- 
enced by several factors such as the concentration of sulfuric acid used, the 
duration of the reaction, the concentration of periodic acid used, and the 
temperature of the reaction. Accordingly, studies designed to define 
satisfactory conditions for the reaction were carried out. 

In these experiments, two types of material were studied. The first was 
non-ketonic material separated from the barium chloride hydrolysate of 
urine from a patient with adrenal cortical carcinoma according to the 
analytic procedure. Colorimetric assay of this material showed that it 
contained no 17-ketosteroids and that it was essentially free from other 
chromogens. The second substance used was a sample of the A*-pregnene- 
3-one-17 ,20 ,21-triol. Colorimetric assay of the triol revealed that it had 
essentially the same chromogenic characteristics as an equimolar quantity 
of testosterone, which is also a A‘-3-ketone. Because of the nature of the 
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color given by the triol in the colorimetric assay reaction before treatment 
with periodic acid, it was necessary to estimate the quantity of 17-ketone 
formed by the action of periodic acid on the triol as follows: The extinction 
coefficients of the colorimetric assay solution at 540 mu and 420 mu (Eg, EB) 
were determined for a given quantity of the triol before (Z’¢, E’s) and after 
(E"¢, E's) the triol had been treated with periodic acid. The difference 
in extinction coefficients (AE = E’”’ — E’) was considered to be due toa 
change in the chromogenic properties of the triol consequent to periodic 
acid treatment. It was found that the ratio of AKg:AE, was 2.2 to 2.5, 
values considered to be characteristic of 17-ketosteroids (10). Accordingly, 
the quantity of 17-ketosteroid formed by the action of periodic acid on the 
triol was calculated from AE, and AZ; in the same manner that the pre- 
formed 17-ketosteroid content of urine extracts is determined from &, 


TaBLe I 
Effect of Variations in Concentration of Sulfuric Acid Used in Periodic Acid Reaction 
Mixture on Yield of 17-Ketosteroids from 2 Mg. Samples of Non-Ketonic Material 
Except for variations in the sulfuric acid used and except for the fact that the reac- 
tion time was 17 hours instead of 1 hour, the reaction was carried out according to the 


analytic procedure. 














Experiment No H2SO, used Concentration of H2SO« Yield of 17-ketosteroids 
ce. vol. per cent meg. 
l 0.00 0.00 0.02 
2 0.01 0.32 0.47 
3 0.02 0.65 0.57 
4 0.04 1.30 0.68 
5 0.08 2.60 0.68 





and E, (10). No correction was made for the error of underestimation 
(approximately 15 per cent) in the colorimetric assay of 17-ketosteroids 
due to the presence of A‘-3-ketosteroid (11). 

In the following experiments the periodic acid reaction described under 
the analytic procedure (see above) was varied with relation to, respectively, 
the concentration of sulfuric acid (Table I; also, reaction time 17 hours 
instead of 1 hour), the duration of the reaction (Table II), the temperature 
of the reaction (Table III), and the concentration of periodic acid (Table 
IV). Asshown in the tables, either a 2 mg. sample of non-ketonic material 
or a 1 mg. sample of the triol was used in each experiment. 

It is seen (Table I) that, while periodic acid does form 17-ketosteroids 
from the non-ketonic material in the absence of sulfuric acid, the yield is 
greater if the reaction mixture contains from 1.3 to 2.6 volumes per cent 
of concentrated sulfuric acid. The experiments of Table IT show that the 
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TaBe II 
Effect of Variations in Duration of Periodic Acid Reaction upon Yield of 17-Keto- 
steroids from Samples of Non-Ketonic Material and of A‘-Pregnene-3-one-17 , 20, 21-triol 
Except for the duration of the reaction, the reaction was carried out according to 
the analytic procedure. 





. e . . . . . se 2... 
17-Ketosteroids from Experiment No. Duration of reaction Yield of 1 











ketosteroids 

Ars min. | meg 

2 mg. non-ketonic material 6 0 l 0.00 
7 0 40 0.76 

8 1 20 0.77 

9 2 00 | 0.85 

10 i oo | 0.79 

11 6 00 0.78 

12 17 00 | 0.71 

1 mg. triol 13 0 1 0.29 
14 0 30 0.70 

15 ] 00 0.74 

16 L--§ 00 0.70 

| 17 = 00 0.74 

| 18 | 48 00 0.74 

TaBLe III 


Effect of Variations in Temperature of Periodic Acid Reaction upon Yield of 17-Keto- 
steroids from 1 Mg. Samples of A*-Pregnene-3-one-17 ,20,21-triol 
Except for variations in temperature, the reaction conditions corresponded to 
those given under the analytic procedure. 














Experiment No. Reaction temperature | Yield of 17-ketosteroids 
-_" | "Se mg. 
j | 
19 20 0.74 
20 30 0.77 
21 40 0.70 





TaBLe IV 

Effect of Variations in Concentration of Periodic Acid Used in Periodic Acid Reaction 

upon Yield of 17-Ketosteroids from 1 Mg. Samples of A‘-Pregnene-3-one-17 , 20, 21-triol 
Except for the variations in periodic acid, the reaction conditions corresponded 

to those of the analytic procedure. 





a l wn 3 
Concentration of periodic Vield of 17 





Experiment No Periodic acid used acid ketosteroids 
mg. per sample gm. per cent | meg. 

22 0 0 0 

23 30 0.96 0.65 
24 50 1.59 0.76 
25 60 1.92 0.74 
26 70 2.23 0.85 
27 80 2.56 0.86 
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periodic acid reaction takes place in less than 1 hour and that the 17- 
ketosteroids formed are stable in the reaction mixture for several hours, 
The data of Table III indicate that the reaction temperature may be varied 
at least between 20-30° without influencing the results obtained. Table IV 
shows that for optimal results the concentration of periodic acid in the 
reaction mixture should be approximately 2.3 gm. per cent. 

The data of Experiments 28 and 29 (Table V) show that measured 
amounts of the preformed 17-ketosteroids, dehydroisoandrosterone and 
etiocholanone, were recovered quantitatively after treatment with periodic 
acid. The value obtained for the triol (Experiment 30) is of interest in 
that it corresponded reasonably closely to the theoretical. Thus it suggests 
that the triol was quantitatively converted into a 17-ketosteroid. Experi- 


TABLE V 
Recovery of 17-Kelosteroids afte » Pe lic Acid Reaction 
17-Ketosteroids 
“a _— - De Theoretical ) 

4 b b 
28 2 mg. DHA 2.0 2.0 1.0 
29 0.8 mg. ETIO 0.8 0.8 1.0 
30 Ll mg. triol 0.7 0.8 0.9 
3l, a 3 * N.K 0.9 
31, b 2S + 1 mg. triol 1.7 1.7 1.0 
32, a Normal N-K’ 0.0 
32, b ” . + 1 mg. triol 0.7 0.8 0.9 


* DHA = dehydroisoandrosterone; ETIO = etiocholanone-17; triol = A‘-pregnene- 
preg 


3-one-17, 20, 21-triol; N-K = non-ketonic material used in the experiments of Table 
II; N-K’ = non-ketonic material derived from the barium chloride hydrolysate of a 


24 hour normal urine sample. 

ments 31 and 32 were designed to test the efhiciency of the periodic acid 
oxidation when it was carried out in the presence of urinary non-ketonic 
material. In these experiments, samples of non-ketonic material were 
divided into two equal portions. To one portion nothing was added; to 
the other 1 mg. of the triol was added. Both portions were subjected to 
the reaction and the yield of 17-ketosteroids was determined. It is seen 
that the yield of 17-ketosteroids from the added triol was essentially equal 
to that obtained for the triol in pure solution (Experiment 30). Those 
observations indicate that the non-ketonic materials studied did not con- 
tain substances which interfered with the periodic acid reaction. 

Effects of Various Types of Hydrolysis upon Yield of Preformed 17-Keto- 
steroids and Formed 17-Ketosteroids— Equal aliquots of three crude unhy- 
drolyzed urine extracts from three patients with adrenal cortical virilism 
were subjected to the various hydrolytic procedures described in the 
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analytic procedure above. Figs. 1 to 3 present the comparative yields 
obtained. 


ee! oe) ee 
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Fie. 1. Effects of various types of hydrolysis upon the yield of preformed 17- 
ketosteroids and formed 17-ketosteroids. Patient C, virilism due to adrenal cortical 
carcinoma. The height of the striped columns represents the relative yield of pre- 
formed 17-ketosteroids; the height of the adjacent checkered columns represents the 
relative yield of 17-ketosteroids formed by the action of periodic acid upon non- 
ketonic material. The scale in per cent is given along the left-hand ordinate. The 
hydrolysis procedure used is noted along the lower margin. 
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Fic. 2. Effects of various types of hydrolysis on the yield of preformed 17-keto- 
steroids and formed 17-ketosteroids. Patient 8, virilism due to adrenal cortical 
carcinoma. The arrangement of this figure is similar to that of Fig. 1. 
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The left-hand columns of Figs. 1 to 3 show that when the :crude unhy- 
drolyzed urine extract was not subjected to any hydrolysis the yield of free 
preformed 17-ketosteroids and of free, formed 17-ketosteroids was poor. 
This observation suggests that the substances measured were excreted 
largely if not entirely as water-soluble, conjugated steroids. The columns 
representing the yields after barium chloride and enzymatic hydrolysis, 
respectively, show that increased quantities of both preformed and formed 
17-ketosteroids were obtained. Hydrochloric acid hydrolysis also resulted 
in an increase in free preformed 17-ketosteroids, but did not yield any free 
non-ketonic material from which 17-ketosteroids could be formed by 
periodic acid. This is of interest because it suggests strongly that the 
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Fig. 3. Effects of various types of hydrolysis upon the yield of preformed 17- 
ketosteroids and formed 17-ketosteroids. Patient JW, virilism due to congenital bi- 
lateral adrenal cortical hyperplasia. The arrangement of this figure is similar to 
that of Fig. 1. 


hydrochloric acid procedure not only hydrolyzed, but also altered or 
destroyed these non-ketonic steroid substances. In two instances (Figs. 1 
and 3) the yield of preformed 17-ketosteroids was slightly greater after 
consecutive barium chloride-hydrochloric acid hydrolysis than after 
hydrochloric acid hydrolysis alone; in the third instance (Fig. 2), the yield 
was about one-third smaller. When enzymatic hydrolysis was carried out 
first, the yield of preformed 17-ketosteroids after further hydrolysis with 
barium chloride and hydrochloric acid was less than that obtained by 
hydrochloric acid hydrolysis alone. 

Daily Excretion of Preformed 17-Ketosteroids and of Formed 17-Ketosteroids 
—-Fig. 4 represents the mg. per 24 hours obtained on the samples of Figs. 1 
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to 3 after (a) barium chloride followed by hydrochloric acid hydrolysis and 
(b) enzymatic, followed by barium chloride, followed by hydrochloric acid 
hydrolysis. Patient JW had virilism due to adrenal cortical hyperplasia; 
patients S and C had virilism due to adrenal cortical carcinoma. While 
the patients with adrenal cortical carcinoma excreted larger quantities of 
preformed 17-ketosteroids than the patient with adrenal cortical hyper- 
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Fic. 4. Daily excretion of preformed 17-ketosteroids and of formed 17-ketosteroids 
by patients JW (Fig.3),S (Fig. 2),and C (Fig.1). The height of striped columns gives 
the output of preformed 17-ketosteroids, while the height of the checkered columns 
gives the excretion of formed 17-ketosteroids according to the scale in mg. shown 
along the ordinate. The results shown in the left-hand portion of the figure were ob- 
tained after barium chloride followed by hydrochloric acid hydrolysis, while those 
of the right-hand portion were obtained after enzymatic followed by barium chloride 
followed by hydrochloric acid hydrolysis. 


plasia, all the patients had approximately equal values for formed 17- 
ketosteroids (10 to 16 mg. per day). Preliminary observations by similar 
methods on normal individuals suggest that they excrete much smaller 
quantities (approximately 0.4 mg. per day) of the formed 17-ketosteroids. 
The observations on preformed 17-ketosteroid excretion correspond closely 
to those obtained by the usual methods of hydrolysis and extraction (12). 
Further measurements on selected individuals are needed before the exact 
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clinical and physiologic significance of the formed 17-ketosteroid output 
can be discussed. 
Comments 


The periodic acid reaction described above appears to give satisfactory 
results. In early experiments it was noted that the residue of the ether 
solution of the periodic acid reaction products tended to char. When this 
occurred, there was a loss of 17-ketosteroids. Because this charring seemed 
to be due to residual oxidizing agents, sodium hydrosulfite was added 
to the sodium hydroxide solution used for washing the ether solution. 
Although the sodium hydrosulfite introduced no errors, it appears from 
subsequent experience that this reagent may not be essential, provided the 
ether solution is shaken very extensively with sodium hydroxide solution. 

It is of interest that as much as 0.4 mg. of 17-ketosteroids was obtained 
from 1 mg. of non-ketonic material after application of the periodic acid 
reaction (Table II). These formed ketosteroids appeared in the ketonic 
fraction after treatment with Girard’s Reagent T. Furthermore, the colors 
formed by these ketones in the colorimetric assay reaction corresponded 
reasonably closely (Eg: Fs, 1.6 to 2.2) to those given by pure solutions of 
17-ketosteroids (2.2) (10). 

The hydrolysis experiments of Figs. 1 to 3 are in keeping with the fact 
that hydrochloric acid hydrolysis tends to destroy certain conjugated 
urinary steroids (1, 2). Although the non-ketonic precursor of the 17- 
ketosteroids formed in the periodic acid reaction has not been identified 
as yet, it would appear that this substance is quantitatively destroyed by 
the hydrochloric acid hydrolysis. Presumably the substance in question 
is characterized by the presence of hydroxyl groups at positions 17 and 20. 
In this connection it is of interest that the 3(a) ,17,20-triol of Butler and 
Marrian was isolated from urine which had not been hydrolyzed with an 
acid, but which may have been exposed to urinary bacterial enzymes (6). 


SUMMARY 


A procedure for the quantitative oxidation of 17 ,20-dihydroxy steroids 
to 17-ketosteroids has been outlined. Assays of the 17-ketosteroids thus 
formed and of the usual preformed 17-ketosteroids were carried out on 
extracts of urine which had been hydrolyzed with the acid of barium 
chloride, an enzyme preparation, or hydrochloric acid, respectively. 

The hydrolysates of the barium chloride and enzymatic procedures con- 
tained both preformed 17-ketosteroids and non-ketonic substances which 
could be assayed colorimetrically after conversion into 17-ketosteroids by 
periodic acid. On the other hand, while the hydrolysates obtained after 
hydrochloric acid hydrolysis also contained preformed 17-ketosteroids, they 
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were devoid of substances from which 17-ketosteroids could be formed with 
the aid of periodic acid. 

It is concluded that human urine contains steroids presumably of adrenal 
cortical origin which are destroyed by hydrochloric acid hydrolysis, but 
which may be recovered and measured after the milder barium chloride 
and enzymatic types of hydrolysis. 


We are indebted to L. F. Fieser and 8. Lieberman for advice during the 
course of this work. 
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PROTEIN-BOUND IODINE IN ERYTHROCYTES AND 
PLASMA 


By J. F. McCLENDON anv WILLIAM C. FOSTER 


(From the Research Laboratory of Physiology, Hahnemann Medical College, 
Philadelphia) 


(Received for publication, April 21, 1944) 


In 1938 we (1) observed that precipitating blood proteins with cold 
methy! aleohol and immediately washing the precipitate with cold acetone 
completely removed added inorganic iodine but retained all of the iodine 
of added thyroglobulin in the coagulum. We observed that prolonged 
action of methyl] alcohol split off some of the prosthetic group of hemoglobin 
and tried to avoid this by rapid removal of the methyl alcohol with acetone. 

Boyd and Clarke (2) found that a large portion of blood iodine resists 
extraction with cold alcohol. Perkin and Hurxthal (3) found that when 
blood proteins are precipitated by cold aleohol and washed with the same, 
the coagulum contained about 6 to 7 y cf iodine per 100 cc. of normal 
blood. They found that cold alcohol did not remove iodine from thyroid 
proteose. It was observed by Cavett, Rice, and McClendon (4) that 
thyroglobulin repeatedly dissolved in water and precipitated by acetone 
(and extracted with ether) increased in iodine content from about 0.5 to 
0.7 per cent. This may be interpreted as a purification or fractionation of 
the thyroglobulin, and if cold acetone breaks off iodine from thyroglobulin, 
one would not expect this result. Davison, Zollinger, and Curtis (5) used 
acetone to fractionate blood iodine. 

In a recent paper Bruger and Member (6) precipitated blood proteins 
with methy! alcohol and washed with acetone and recovered 90 to 93 per 
cent of the iodine of added thyroglobulin. They precipitated blood pro- 
teins with zinc sulfate and sodium hydroxide but failed to wash the pre- 
cipitate and “recovered” 89 to 107 per cent of added “thyroglobulin 


iodine.” In their summary they state that “the recovery of . . . thyroglob- 
ulin from the ...coagulum of whole blood was inadequate when methy! 
aleohol . .. was used as the protein-precipitating agent.”’ It is not clear 


to us why they consider 107 per cent better than 93 per cent, both being 
in error by 7 per cent, and the higher value is to be expected since they 
failed to wash the precipitate. 

It was suggested by Silver (7) that practically no iodine may be demon- 
strated in erythrocytes, and that plasma or serum should be used for blood 
iodine determinations. In order to determine the ratio of protein-bound 
iodine in erythrocytes to that in plasma, oxalated or defibrinated blood 
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was separated in a Swedish (Aktiebolaget) angle centrifuge speeded up by 


using 135 volts instead of 110 and packed down until refraction planes dis- 


in 


EXPERIMENTAL 


Since the iodine determinations were made by the method of McClendon — | 
and Bratton (8), the protein had to be packed into a piece of 3 inch Visking | 
sausage casing or Fisher cellophane dialyzing tubing. The methyl! aleohol- 
acetone method has been described previously (1 

The zine sulfate-sodium hydroxide method was a modification of So- 
m wyi's. 5 ce. of blood (or blood constituent ) were mixed with 25 cc. Ol 2 
per cent zine sulfate and then 5 cc. of 0.5 N sodium hydroxide were added. 


A 9 inch piece of casing was closed at one end with a filter plug and the 


other end attached to a slender 100 cc. funnel. The mixture was poured 
TABLE I 
Protein-Bound Iodine (Micrograms per 100 Cc.) in Blood 
Methanel eae | Methanol ‘ Methanol 
Blood acetone — Somogyi “ee Dialysis 
Cow 6.4 6.2 1.03 6.2 1.03 
Man 6.4 7.0 0.91 
; 7.4 7.4 1.00 
6.0 5.6 | 1.07 
5.8 7.4 | 0.78 
9.4 8.0 1.17 
om 7.0 1.03 
7.6 7.8 0.97 
| 


into the funnel and as the filtrate passed through the filter plug, the protein 
passed into the casing. The protein was washed with 100 ce. of water. 

For dialysis, 5 ec. of blood were introduced into 5 inches of casing which | 
was tied at both ends and immersed in hot water in a | liter beaker, where | 
it remained 12 hours. A smaller number of failures by leakage occurred 
with hot water than with cold; otherwise the results were the same, and the 
fractionation is by dialysis and not by heat. In our early experiments 
dialysis for 3 days was employed, but this is not practical in routine ex- 
periments and we are interested in testing such methods even though a 
slight error may be involved. 

It may be seen from Table I and from the blood plasma and erythro- 
cytes of Dog A in Table II that the methyl alcohol method of precipitating 
blood proteins followed by acetone washing gives similar results to the 


dialysis and Somogyi methods. 
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It may be seen from Table II that the concentration of protein-bound 
iodine in the erythrocytes is almost as high as in the plasma. 

It seems evident that if one analyzes only plasma or serum he loses 
nearly half his material, with no advantage if the iodine is to be analyzed 
by a closed method. The ash of erythrocytes contains ferric iron and, if 
it is acidified, iodine escapes as elemental iodine. Therefore in an open 
method of analysis it may be of advantage to use plasma. 


TABLE II 
Protein-Bound Iodine (Micrograms per 100 Cc.) in Plasma and Erythrocytes 











Plasma | Erythrocytes 
_ - . fom — 
Dog A, dialysis | 5.4 4.5 
** Somogyi 5.4 5.6 
* “ methanol-acetone........ 4.2 5.0 
B, “ | 4.5 | 5.5 
Man A, 4.2 5.2 
7 BD 5.0 4.9 
Cow, 6.8 | 6.4 
Horse, 9.2 7.4 
Rabbit A, " Wcaecnt — 11.1 11.2 
= 2, * -  Peeeh 6.6 5.9 
Cat serum, rie eee 7.6 7.2 
— — = gone <3 —— ” —— | 
| 6.36 | 6.26 


Average... 








DISCUSSION 


Iodine analysis of blood or other tissue is still a difficult problem and 
therefore we made all our determinations in quadruplicate. When a satis- 
factory technique is mastered, the reduction of the iodine intake to a mi- 
nute quantity is necessary in order to show any relation between total blood 
iodine and thyroid function. The analyst is not always able to determine 
whether the patient has eaten an oyster, for instance. Therefore fractiona- 
tion is desirable. 

The way the blood iodine is fractionated affects the ease of subsequent 
analysis. If a wet ashing method is used, a high water content of the pro- 
tein fraction may merely add to the difficulty of washing, but if a dry ashing 
method is used, this water must be evaporated before ashing. This last 
process may be avoided by precipitating the proteins in a more volatile 
medium. 


SUMMARY 


1. With the methyl alcohol method of precipitating blood proteins prac- 
tically the same amount of iodine is retained as in the Somogyi method, 
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provided adequate washing of the precipitate is performed, with acetone 
in the first instance and water in the second. 

2. There is no significant difference between the results with the meth- 
anol-acetone method and 12 hours dialysis. 

3. The protein-bound iodine in the erythrocytes and plasma is of the 
same order of magnitude. 
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MANOMETRIC, TITRIMETRIC, AND COLORIMETRIC 
METHODS FOR MEASUREMENT OF 
UREASE ACTIVITY 
By DONALD D. VAN SLYKE anp REGINALD M. ARCHIBALD* 
(From the Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, May 16, 1944) 


Van Slyke and Cullen (i, 2) developed a titrimetric method for measuring 
urease activity in which the enzyme acted under such conditions (pH 6.6 
to 7.4, 0.5 m phosphate, urea concentration 5 per cent) that the amount of 
ammonium carbonate formed in 15 minutes was directly proportional to 
the amount of urease. 

The urease preparations now used are several times more active than 
those of Van Slyke and Cullen (1). Although prepared by Van Slyke and 
Cullen’s acetone precipitation method (1), that procedure is now applied 
to a water extract of jack beans, instead of the soy bean extract used by 
Van Slyke and Cullen. Jack beans, as shown by Mateer and Marshall (3), 
are much richer in urease. 

The activity measurement requires modification for these more active 
preparations of urease. The enzyme concentration must be cut down, or 
so much urea will be hydrolyzed that the pH will rise above 7.4, and 
diminish the activity of the enzyme. However, if this effect is prevented 
by using lower concentrations of the urease, not enough jack bean protein 
is present to stabilize the enzyme. It appears that a certain concentration 
of protein is necessary to protect the enzyme from partial inactivation in 
the presence of the high concentration of urea used in the standardization. 
Also, when the standardization is carried out by the gasometric method in 
the Van Slyke-Neill chamber (4-6), inactivation in protein-poor solutions 
is accelerated by the mercury which is present. 

These difficulties have been overcome by dissolving the urease in a 5 per 
cent solution of egg albumin, by rinsing the Van Slyke-Neill chamber with 
albumin solution before each analysis, and by maintaining a concentration 
of 1 per cent albumin in the reacting urea-urease mixture. 

Three procedures will be described, gasometric, titrimetric, and colori- 
metric, respectively. In the first the enzyme activity is measured by the 
rate of CO, formation. In the second the Van Slyke-Cullen method for 
measuring urease activity by the rate of NH; formation is modified to meet 
present conditions. In the third procedure the time is measured which is 
required for enough ammonium carbonate to form to raise the pH of a 


* Fellow of the National Research Council, Division of Medical Sciences. 
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phosphate buffer from 6.8 to 7.7, the end-point being determined by the 
color of phenol red indicator. 


THEORETICAL 


Van Slyke and Cullen (7) showed that at constant pH the urease in its 
kinetics acts in accord with the conception that decomposition of substrate 
occurs in two successive stages, (1) combination of substrate and enzyme 
and (2) decomposition of the combined substrate. The combination stage 
was shown to follow the mass action equation, and to require a time interval 
that is shorter as the urea concentration is greater. When the urea con- 
centration is great enough, the time interval required for combination 
becomes insignificant compared with the time required for decomposition. 
With such urea concentration, the enzyme acts at maximum velocity 
because approximately 100 per cent of it is continually combined with 
substrate and therefore actively decomposing the latter. 

The kinetics of the reaction were expressed by the equation 


(1) Bo * a 
; ot Ky Ss @ Ke 


E represents enzyme concentration, ¢ the time of reaction, a the initial 
substrate concentration, and x the decrease in substrate concentration at 
time ¢. (In the case of urea, the concentration of either the CO, or NH; of 
the (NH,)sCO; formed is a measure of x.) The constant K, is either the 
velocity constant of the reaction by which enzyme and substrate combine 
(7, 8), or the equilibrium constant of the reversible reaction, enzyme + 
urea +> enzyme-urea combination (8), whereas K, is the velocity with 
which urea in the urea-enzyme combination is hydrolyzed to NH; and COs, 

Equation 1 was developed in nearly the same form by Michaelis and 
Menten (9) from a study of invertase. It has been found to be general for 
hydrolytic enzymes and for some enzymes of other types (8). 

When a urea concentration, a, is used which is sufficiently great, and a 
reaction interval short enough to make z sufficiently small, the fraction 
a/(a — 2x) approaches unity, log a/(a — x) approaches zero, 1/K, log 
a/(a — x) becomes insignificant in comparison with z/Ke, and the equation 
simplifies to 
(2) E= - 

Ket 
Under these conditions, with constant time /, the amount of CO, or NHs 
formed, x, is directly proportional to the urease concentration, Z. Van 
Slyke and Cullen (1) found that these conditions were approximated when 
the urea concentration was 5 per cent, 0.5 m phosphate of pH 6.6 was used 
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to keep the pH at 6.6 to 7.4, and sufficient soy bean urease was used to 
decompose not over 0.1 of the urea (x = 0.la) in the 15 minute interval 
of the reaction. 

In the present manometric and titrimetric procedures advantage is also 
taken of conditions which validate Equation 2; a constant ¢ interval is used, 
and £ is directly proportional to x, the (NH,4)2CO; formed. 

In the colorimetric procedure advantage is taken of the fact, demon- 
strated by Van Slyke and Cullen (7), that the time required to produce a 
given amount of ammonium carbonate varies inversely as the urease con- 
centration. ‘This inverse proportionality is a general law of enzyme action, 
which appears to hold when an enzyme is stable for the observation period 
used (8). The effects of products on the reaction velocity do not alter the 
accuracy of the inverse relation, because for decomposition of a given 
amount of substrate the same amounts of products are formed, with the 
same effects on the velocity. Hence when this timing procedure is applied 
to urease, the necessity disappears for restraining the pH shift caused by 
ammonium carbonate to a short range. 


I. MANOMETRIC PROCEDURES 


Two manometric procedures, A and B, will be described. 

In Procedure A the urease action and CO, determination both occur in 
the Van Slyke-Neill chamber. 

In Procedure B the urease action occurs, not in the gas chamber, but in 
a separate flask, from which an aliquot of the solution is pipetted into the 
Van Slyke-Neill chamber to determine the CO, formed. 

Procedure B can be used when the mercury in the Van Slyke-Neill cham- 
ber is so contaminated with traces of other metals that formation of heavy 
metal ions would be rapid enough to cause appreciable inactivation of 
urease if the digestion were carried out in the chamber, even in the presence 
of 5 per cent albumin. Procedure B is a little less convenient than Pro- 
cedure A, but equally accurate. 


Apparatus 

The only special apparatus required is the Van Slyke-Neill (5, 6) mano- 
metric apparatus. 

All glass apparatus that comes in contact with the reagents is cleaned 
with nitric acid in order to make certain that no traces are present of salts 
of heavy metals. These, particularly Hg™~ even in minimal amounts, may 
inactivate the urease. 

Reagents- 

0.65 m phosphate buffer. 5.66 gm. of KzHPO, (0.0325 mole) and 4.49 gm. 
of NaH.PO,-H,O (0.0325 mole) are made up to 100 cc. The solution has a 
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pH of 6.4. 0.5 cc. of this diluted to 6.5 cc. in the standardization mix- 
ture gives 0.05 m phosphate and pH 6.8 (glass electrode). 

Urea solution. 3 gm. per 100 cc. (0.5 M). 

2 w lactic acid. 

Caprylic alcohol. 

Brom-thymol blue, 0.1 per cent. 

10 per cent egg albumin in water. 

Urease solution containing 50 mg. of egg albumin per cc. If the urease 
to be tested has activity of the order found in the dry preparation prepared 
from jack beans by the acetone method of Van Slyke and Cullen (1), a 
0.1 per cent solution is prepared. 0.500 gm. of urease is mixed with 3 cc. of 
water until suspension is uniform; the mixture is then diluted with water 
to 50 ce. 5 ce. of this 1 per cent urease solution and 25 cc. of the 10 per 
cent egg albumin are mixed and diluted to 50 cc., giving 0.1 per cent urease 
in 5 per cent albumin.' 

1 ec. of this 0.1 per cent solution will hydrolyze enough urea to give in 
5 minutes 100 to 500 mm. of CO, pressure at 2 cc. volume, if the urease is 
a preparation of good activity prepared by the acetone method from jack 
beans. If the urease is of such high or low activity that the CO, formed 
gives a pressure outside the range 100 to 500 mm., it is advisable to use a 
urease solution of concentration lower or higher than 0.1 per cent. 

Before an activity determination is started all solutions should be at the 
same temperature as the water jacket of the manometric chamber. 


MANOMETRIC PROCEDURE A 


Preparation of Gas Chamber—The chamber of the apparatus is cleaned 
and is rinsed once with 1 cc. of 10 per cent egg albumin to remove any 
traces of mercury ions that may be present. 

Addition of Reagents—0.5 cc. of the 0.65 m sodium phosphate buffer is 
placed in the cup of the Van Slyke-Neill chamber, and is run into the 
chamber until the cup is emptied, but the capillary below it is filled with 
solution. Then 1 drop of 0.1 per cent brom-thymol blue, followed by a 


‘ Occasional preparations of urease when diluted to 0.1 per cent lose activity fairly 
rapidly even in the presence of 5 per cent albumin. In one instance the activity of 
a 0.1 per cent solution of Squibb’s ‘‘double strength’”’ urease dropped 31 per cent in 
thours. This loss was prevented completely by adding, to the 0.1 per cent urease-5 
per cent albumin solution, glutathione or sodium thioglycolate to a concentration of 
0.05 per cent. Protection by KCN, cysteine, glycine, or gum arabic was incomplete 

10-13). Therefore the addition of glutathione or thioglycolate to the albumin is 
advisable when a preparation which is not adequately stabilized by albumin alone is 
being standardized, or when the stability of the preparation is unknown. Most 
preparations are stable in albumin without glutathione, and all the data reported in 
this paper were obtained without the addition of glutathione 
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drop of caprylic alcohol, is run into the capillary. The inflow of the 
reagents is regulated by the cock which connects the chamber with the 
leveling bulb. 

About 0.5 cc. of mercury is now placed in the cup and 5.0 ec. of 3 per cent 
urea solution are run into the chamber from a stop-cock pipette with 
rubber-ringed tip ((6) p. 125, Fig. 3). The capillary is sealed by filling it 
with part of the mercury in the cup, the cock is closed, and the mereury 
in the chamber is lowered and raised three times to mix the solution. 

In the same way | cc. of 0.1 per cent urease solution in 5 per cent egg 
albumin is measured into the chamber, the inflow being controlled by the 
stop-cock leading to the leveling bulb, so that the urease is layered above 
the denser substrate solution. 

Digestion—As soon as the urease solution is in the chamber, the capillary 
of the upper cock is sealed with mercury and closed, a stop-watch is 
started, and the mercury in the chamber is lowered four times to mix 
thoroughly the contents of the chamber. 

1 cc. of 2 N lactic acid is placed in the cup. The temperature in the water 
jacket of the manometric chamber is read at the mid-point of the 5 minute 
incubation period. When the stop-watch indicates exactly 5 minutes of 
urease action, 0.5 ec. of the 2 N lactic acid is run into the chamber and 
mixed with the solution there, stopping the action of the urease. 

Determination of CO.—The capillary of the cock is sealed with mercury, 
and the CO, is extracted from the acidified solution by evacuating and 
shaking as in blood CO, determinations. After 2 minutes extraction the 
gas volume is brought to 2 ec. by the technique described by Van Slyke 
and Neill ((14) p. 277-278), and manometer reading p; is taken. Then 
the cock leading to the leveling bulb is opened and 0.5 ce. of 5 N NaOH is 
added under slight negative pressure, to absorb the COQ,.. The aqueous 
meniscus is returned to the 2 cc. mark, and manometer reading 7» is taken 
(see (14) p. 284-285). 

Blanks—Duplicate blank determinations are made in which the urease 
solution is replaced by 5 per cent egg albumin solution without urease. 
The p; — ps reading of the blank is the c correction. It is well to run the 
blank immediately before the determination with urease in order to add 
to the certainty that Hg ion is removed from the apparatus before the 
activity determination itself is started. 


Calculation of Sumner Urease Units 


Sumner and Graham (15) proposed, as a unit of urease activity, the 
amount capable of producing 1 mg. of ammonia nitrogen in 5 minutes at 20° 
in a urea solution buffered with phosphate. The definition implies action 
of urease under specific conditions which (a) maintain the pH and substrate 
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concentration within the limits compatible with approximately maximum 
enzyme activity, and (b) protect the enzyme from inactivation. The unit 
is convenient, for the reason that Sumner found the number of units per 
mg. of preparation to equal approximately the percentage of crystalline 
urease present. It appears also proper to retain in the nomenclature the 
name of Sumner, whose urease was the first of the crystallized enzymes. 
In the calculation the CO, pressure, Poo,, which the CO, from the 
generated ammonium carbonate exerts at 2 cc. volume, is calculated as 


(3) Poco: = Pi — Pa — 
where p; and p2 are the manometer readings obtained in the analysis, and 
c is the value of p: — p. obtained in the blank analysis. 

The number of Sumner units of urease present per mg. of the urease powder 
tested is calculated as 
5 X Poo: X A 


(4) Sumner units per mg. = 
mg. X mtn. 


A is the factor in the “A”’ column of Table I, mg. represents the number of 
mg. of urease preparation present in the digest, and min. represents the 
number of minutes the urease acts before the action is stopped by addition 
of the lactic acid. 


When, as in the routine procedure outlined, mg. = 1 (1 cc. of 0.1 per cent 
urease), and min. = 5, the calculation simplifies to 
(5) Sumner units per mg. = Poo, X A 


The concentration of urease in Sumner units per cc. of the urease solution 
added (not per cc. of digest) can be calculated by replacing mg. by ce. in 
Equations 4 and 5, cc. in this case indicating cc. of urease solution added 
(cc. = 1 in the procedure outlined above). 

When many urease activities are to be determined, it is convenient t 
plot the factors of Table I on a graph of semilogarithmic paper, with factors 
plotted on the logarithmic ordinate; the resulting curve is nearly linear. 


Derivation of Calculation Formulae—The general equation for calculating the 
number of Sumner units present in a digest is 
Pa ae? 5 activity at 20° 
(6) Sumner units = mg. ammonia N formed X —— X ———-—— 
min. activity at t 
The ratio, activity at 20°: activity at t°, refers to the relative rates (under the con- 
ditions specified above) at which urease acts at 20° and at ¢°, the temperature at 
which the test is carried out. 
The ammonia nitrogen formed is calculated by multiplying Poco, by 0.02802F, 
where F is the factor used to calculate mm of CO, per liter ((16) p. 142) from Poo, 
when the sample is 1 cc., the volume of solution, S, in the chamber is 7 cc., and the 
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CO, pressure is measured with the gas volume, a, at 2cc. The factor thus obtained 
is multiplied by the temperature correction for activity in column C, to obtain the 
factor in column A of Table I. Poco: x A therefore represents 

activity at 20° 


mg. ammonia N formed _ - 
activity at t° 


Substituting Pco, X A for this product in Equation 6 and dividing by the mg. of 


urease give Equation 4. 
MANOMETRIC PROCEDURE B 

Digestion—A 25 cc. Erlenmeyer flask is provided with a 1-hole rubber 
stopper, the hole of which is closed by a glycerol-lubricated glass plug. All 
reagents are brought to the same temperature, ¢;, approximately the tem- 
perature of the room. Into the flask are measured and mixed 10 cc. of 3 
per cent urea, | cc. of 0.65 M phosphate buffer, and 1 drop of brom-thymol 
blue solution. Then 2 cc. of the urease solution are added, the flask is 
stoppered, and the reagents are mixed, while a stop-watch is started. 

After sufficient ammonium carbonate has been formed (when the indica- 
tor turns bluish green, usually 4 to 8 minutes), the glass plug is withdrawn 
from the stopper, 2 drops of concentrated NaOH (18 or 19 N) are added 
from a glass capillary inserted through the hole, and the plug is at once 
replaced. The alkali can thus be added without escape of any COQ:. (The 
technique has been detailed for use in determination of urea in urine ((4), 
(14) p. 366).) The alkali serves two purposes: it stops the action of the 
urease, and it makes the solution reabsorb the small amount of CO, that 
escapes into the gas space of the flask during the digestion. 

The alkali is at once mixed with the solution, and at the same moment the 
time is recorded as the end of the period of the enzyme’s action. Except 
during removal of samples for analysis, the flask is thereafter kept stop- 
pered to prevent absorption of atmospheric CO, by the alkalinized solution. 

Determination of CO.—A 5 ec. portion of the 13 cc. of solution is trans- 
ferred to the manometric chamber, by a pipette with a rubber-ringed tip, 
and 0.7 ce. of 2 N lactic acid, followed by a drop of caprylic alcohol, is 
added. The CO, is extracted and p; and p, are read as in Procedure A. 
The temperature of the water jacket of the Van Slyke-Neill chamber is 
recorded as fs. 

Blank—The value of c is the value of p: — p2 obtained in a blank analysis 
done in the same manner as the determination, except that 2 cc. of 5 per 
cent albumin solution without urease replace the 2 cc. of urease-albumin 
solution. 

Calculation—Po, is calculated as in Equation 3, Procedure A. Thence 


10 x Px 0: X BXC 


7) Sumner units per mg. = - 
mg. X min, 
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B and C are the factors under columns B and C in Table 1. Their produet 
in column D can be used when the digestion and analysis are performed at 


TaBLeE I 





Factors for Calculation of Results by Manometric Procedures A and B 


az2,S =7,1 = 1.017 | 


Factors for Procedure B 


Factors for 





Temperature Procedure A _ Biortr | C for h = RC 

A Factors for calcu- F activity at 20°) = + A? h oat 

lating NH3-N Ratio Le © a See : 

from Poo, activity at ¢°| and é are equal 

5 0.00921 0.00499 2.31 0.01153 | 

10 0.00680 82 1.76 0.00850 ) 

15 0.00486 68 1.30 0.00608 | 
16 57 65 1.23 0.00572 
17 31 61 1.17 39 
18 06 58 1.11 Os 
19 0.00382 55 1.05 0.00479 
20 61 53 1.00 53 
21 40) 50 0.950 27 
22 21 47 0.900 02 
23 04 45 0.860 0.00381 
24 0.00287 42 0.818 61 
25 72 39 0.779 42 

26 58 37 0.743 25 } 
27 44 34 0.709 Os 
28 31 | 32 0.676 0.00292 
29 20 30 0.645 77 
20 09 28 0.617 64 
31 0.00199 25 0.592 52 
32 90 23 0.568 40 
33 Sl 21 0.545 29 
3: 73 19 0.525 20 
35 66 17 0.511 | 13 
40 34 05 0.417 0.00169 


the same temperature, so that 4, = &. The ‘‘mg.” in Equation 7 is the mg. 


of urease preparation added to the digestion flask; not as in Equation 4, 
the mg. in the manometric chamber. 








duct 
d at 











D. D. VAN SLYKE AND R. M. ARCHIBALD 631 


When, as in the usual analysis outlined above, ‘‘mg.’”’ = 2, and min. = 5, 


+ 


the calculation simplifies to 
(8) Sumner units per mg. = Pco, X BX C 


If digestion and manometric analysis are performed at the same tempera- 


] 


ture, so that 4; = tf, the calculation further simplifies to 


(9) Sumner units per mg. = Poo, X D 


i 


To calculate activity concentrations in terms of Sumner units per cc. of 
the added urease solution, substitute 2 for “‘mg.”’ in Equation 7, or, when the 
time is 5 minutes, use Equation 8 or 9 unchanged. 

To obtain the factors in column B, Table I, the factors for calculating mg. of urea 
nitrogen per liter of 1:10 blood filtrate from analysis of 5 cc. samples, with S = 5.7 
ec. and a = 2 cc. ((4) p. 712; or (14) p. 369) are multiplied by 0.0065 to give the mg. 
of ammonia nitrogen in half of the 13 cc. of digest, and thereby to permit the use of 


the convenient constant, 10, in Equation 7. 
SPECIAL POINTS IN MANOMETRIC PROCEDURES A AND B 


Modifications of Procedure to Obtain CO, Pressures within the Desirable 
Range—The desirable range of Peo, is from 200 to 500mm. If the CO, 
pressure is much less than 200 mm., the measurements are less accurate. If 
such a low pressure is obtained by the routine procedure, more accurate 
results will be obtained by repeating the determination with a urease 
solution containing 2 mg. or more of the urease preparation per cc., instead 
of the routine 1 mg. If Procedure B is used, in which the digestion is 
carried out in the absence of mercury, the desired increase in CO, yield can 
be obtained, without use of a more concentrated urease, by lengthening 
the duration of the digestion period to 10 or 15 minutes. 

If the CO: pressure is over 500 mm., so much ammonium carbonate will 
have been formed that the pH has been raised above 7.3. As shown by 
Fig. 1, when the pH exceeds 7.3 the velocity of the urea hydrolysis begins 
to decrease, and the rate of CO, formation ceases to be accurately propor- 
tional to the urease activity. In such a case the urease solution is diluted 
with 5 per cent albumin so that the concentration of urease preparation 
is 0.5 mg. or less per ec., and the activity is redetermined with the diluted 
solution. 

When any of these changes are made from the routine 5 minute digestion 
or 0.1 per cent urease solution, the calculations must be made by Equation 
4 (Procedure A) or by Equation 7 (Procedure B), and not by the simplified 
Equations 5, 8, or 9, that can be employed for the routine conditions. 

Eff cls of Mercury in Procedure A— The longer the apparatus stands 
between duplicate determinations the greater is the amount of mercury ion 
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formed in the chamber, and consequently the lower will be the apparent 
activity of the enzyme measured by Procedure A, unless the apparatus is 
thoroughly shaken with egg albumin solution before the determination, 
The prescribed single rinsing with the egg albumin solution is adequate to 
reduce the retarding ions to an insignificant concentration only when the 
chamber is washed with the albumin immediately before the first determina- 
tion of a series, and when the subsequent determinations follow one another 
in close succession. Should the work be interrupted for more than 10 
minutes, it is advisable to shake up the mercury in the chamber for 2 
minutes with a few cc. of albumin solution before proceeding with analyses, 

As shown in Fig. 3, the amount of urea split is almost proportional to 
the time of action of the enzyme. The very slight decrease in activity 
with time indicated in Fig. 3 is due largely to inactivation of the enzyme 
by mercury ion forming in the chamber after the start of the incubation. 
The retardation by this factor is so small that it can be neglected for most 
purposes, provided the concentration of enzyme used is not so low as to 
necessitate prolongation of the incubation period to more than 10 minutes. 
The purer the mercury in the apparatus the slower is the formation of 
inactivating ion. In general it is preferable to keep the digestion period of 
Procedure A within 5 minutes and use increased amounts of urease if the 
activity is too low to give 200 mm. of Peo, with 0.1 per cent urease solu- 
tion. 

Uniformity of Urease Solution or Suspension -When jack bean urease 
prepared by the acetone precipitation method is mixed with water, part 
of the material dissolves and part forms a milky colloidal suspension. For 
accurate activity determinations it is necessary to make the suspension 
uniform, as the particles appear to be active in the digestion mixture. In 
50 per cent glycerol the material forms a translucent, more uniform solu- 
tion, but duplicate activity measurements on the glycerol solution agreed 
less closely than those on water suspensions; presumably the viscosity of 
the glycerol solution made accurate pipetting difficult. To obtain a uni- 
form mixture of the enzyme with water, the water is added in small por- 
tions, the first being just enough to wet the powder. Each portion of 
water is thoroughly stirred into the mixture before another portion is 
added, until most of the water required to make a 10 per cent mixture has 
been added. The mixture is then made up to volume, and more dilute 
solutions are prepared from it. Before a portion is withdrawn, of either 
the 10 per cent or the more dilute solutions, the solution is stirred with a 
footed rod. 

Effect of Temperature—An error of 1° in recording the temperature at 
which the digestion occurs will cause an error of approximately 7 per cent 


in the estimated activity. 
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II. ACTIVITY MEASUREMENT BY THE AERATION-TITRATION METHOD 


A pparatus 

The only special apparatus required is the series of aeration tubes 
described by Van Slyke and Cullen ((1), (14) p. 548). It is important that 
the test-tubes in which the urease acts, and the fittings for these tubes, 
shall not be allowed to touch Nessler’s reagent or other mercury solution. 
If such contact occurs, the tubes and fittings must be cleaned thoroughly 
with nitric acid. 

Reagents 

Urea-buffer mixture of pH 6.8. 3 gm. of urea, 1.10 gm. of K,HPO,, 
0.85 gm. of NaH,PO,-H,0O, diluted to 100 cc. with water. 

Caprylic alcohol. 

Brom-cresol green, 0.1 per cent. 

10 per cent egg albumin. 

Boric acid, 4 per cent (approximately). 

0.01 n sulfuric acid. 

Saturated potassium carbonate, 90 gm. per 100 ce. 

Urease solution, 0.2 per cent in 5 per cent egg albumin, is prepared by 
diluting 1 cc. of 5 per cent urease and 12.5 ce. of 10 per cent albumin! to 
25 ec. with water. 

Procedure—The urea-buffer solution is brought to room temperature, 
the temperature of the solution is recorded, and 5 cc. portions are measured 
into each of two aeration tubes (Tube A of Van Slyke and Cullen (1), 
Fig. 2; (14) Fig. 74, p. 548). One tube serves as the digestion tube for the 
action of the urease; the other tube serves for the blank, to determine the 
ammonia present in the reagents. 

Two receiving tubes (Tube B of Van Slyke and Cullen (1, 14)) are charged 
each with 25 cc. of 4 per cent boric acid solution and 2 drops of brom-cresol 
green solution. 

Into each of the two tubes with urea-buffer solution are dropped 2 drops 
of caprylic alcohol, and into each boric acid tube 1 drop. 

To the digestion tube 1 cc. of the 0.2 per cent urease solution is added, 
the solutions are mixed with the inlet aeration tube, and the exact time of 
mixing is recorded. The stopper is set in place and digestion is allowed to 
proceed exactly 15 minutes. If the room temperature is variable, the 
digestion tube is stood, before and during digestion, in a large beaker with 
water at recorded temperature. At the end of the 15 minute period the 
stopper is lifted momentarily and 10 cc. of saturated K,CO; solution are 
quickly added and mixed with the solution. The stopper is quickly set in 
place to prevent escape of ammonia, and the tube is connected with its 
boric acid receiving tube. 
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During the 15 minute period of enzyme action 10 cc. of saturated K,CO, 
solution are added to the blank and mixed with the urea-buffer solution. 
After the carbonate is mixed with the urea, 1 ce. of 0.2 per cent urease solu- 
tion is added, dropwise with constant stirring. The alkaline carbonate 
prevents any action by the enzyme in the blank tube. 

After the digestion has been ended both the digestion tube and the blank 
are connected with their boric acid receiving tubes, and the ammonia 
formed is aerated into the acid as directed by Van Slyke and Cullen ((2), 
(14) p. 550), by passage of about 75 liters of air through the train. Room 
air is freed from traces of ammonia by passage through 5 per cent sulfuric 
acid placed in an extra tube first in the series. 

To assist in ascertaining the end-point of the titration a control solution 
is prepared by measuring 25 cc. of the 4 per cent boric acid and 25 ce. of 
water into an aeration tube of the same dimensions as the receiving tubes, 
and adding 2 drops of the brom-cresol green solution. The solution in 
each receiving tube is titrated with 0.01 nN H.SO, or HC! until the color 
approaches that of the control. Then enough water is added to bring the 
volume to approximately 50 cc. and the 0.01 N acid is added until the 
titrated solution matches the control. 

If the titration requires less than 10 or more than 25 ce. of 0.01 N acid, 
the determination is repeated with a different concentration of urease. 

Calculation—The cc. of 0.01 N acid used to titrate the ammonia from the 
digestion tube is indicated as acid, and the 0.01 Nacid required to titrate the 
blank as blank. The mg. of urease in the digestion tube are indicated as mg. 
C is the factor (Table I, column C) which corrects for the difference in 
enzyme activity at 20° and the activity at room temperature. Then 


‘ J, 0.0467 X C (acid minus blank) 
Sumner unils per mg. = 
mg. 


When 2 mg. of urease are used (1 cc. of 0.2 } er cent) the calculation is 
Sumner units per mg. = 0.02335 X C (acid minus blank) 


The procedure of absorbing the ammonia in 4 per cent boric acid solution 
and titrating back with standard sulfuric acid to the initial pH of the boric acid, 
introduced for Kjeldahl analyses by Meeker and Wagner (17) is used above in place 
of receiving the ammonia in 0.01 or 0.02 Nn HCl solution and titrating the excess with 
alkali, as done by Van Slyke and Cullen (7,8). This substitution in the Van Slyke- 
Cullen aeration method has previously been used by Sobel et al. (18), with 2 per cent 
boric acid as the receiving solution. VanSlyke and Hiller* have found, however, that 
the passage of 75 liters of air through a 2 per cent boric acid solution, containing 1 or 
2 mg. of ammonia, drives off about 1 per cent of the ammonia. If 4 per cent boric 
acid is used, instead of 2 per cent, the loss is diminished to about 0.3 percent. Unless 


* Van Slyke, D. D., ard Hiller, A., unpublished data 
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precision greater than 1/300 is needed, the convenience of the boric acid method makes 
its substitution worth while. When the end-point is reached in the boric acid titra- 
tion, it is essential that the titrated solution and the control used for comparison be 
within about 2 cc. of the same volume; a difference of 2 cc. in volume makes a change 
of about 0.03 in the pH of the end-point. With moderate care the titration error due 
to the end-point can be kept within 0.02 cc. of 0.01 N sulfuric acid., 


lI. ACTIVITY MEASUREMENT BY THE COLORIMETRIC TIMING METHOD 


This procedure is based on the general law of inverse proportionality 
between enzyme concentration and the time required for a given amount 
of product to form, which has been discussed in the theoretical part of the 
introduction. Van Slyke and Cullen (7) showed that this law holds for 
urease. In the present timing method the urease acts on urea in a phos- 
phate buffer solution. The ammonium carbonate formed reacts with the 
acid phosphate in the buffer. 

CO;- + H:PO, = HCO; + HPO, 
The result is an increase in the ratio, HPOy":H,:PO,-, and in pH, which 
depends on the amount of ammonium carbonate produced. Consequently 
the timing principle can be applied by observing how long it takes the pH 
in a given buffer solution to rise to a definite point. Such application has 
been made by Hunter and Dauphinee (19) to the measurement of arginase 
activity. 

In the present procedure a buffer solution is used which sets the initial 
mixture at a pH of 6.7, and the time is measured which is required for the 
pH to rise to 7.7. 

Reagents- 

0.1 per cent phenol red. 

10 per cent solution of urease to be tested. 

1 wm NaH.P0,, 13.8 gm. of NaH,PO,-H:O per 100 ce. 

1 wm K,HPO,, 17.4 gm. per 100 ce. 

Buffered urea solution of pH 6.7 is prepared by dissolving 3 gm. of urea 
in 10 ce. of molar NaH.PO,, 10 cc. of molar K,HPOQO,, and sufficient water to 
make the volume 100 cc. 

Control buffer of pH 7.7. Into a 100 ce. graduated cylinder measure 
lec. of molar NaH,PO, and 7 ec. of molar KzHPO, and dilute to 80 ec. 


Procedure 


To 5 ce. of buffered urea solution of pH 6.7 in a 20 X 150 mm. test-tube, 
and to 5 cc. of control buffer of pH 7.7, without urea in a similar tube, are 
added 2 drops of phenol red. The solutions are brought to room tempera- 
ture or to the temperature of a water bath. The temperature is recorded. 
0.5 ce. of 10 per cent urease is added to each tube, and mixed with a footed 
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rod, and a stop-watch is started. The exact time is noted that is required 
for the tube with the urea + enzyme to reach the same red shade as the 
control. The matching of colors is best made in a good light with a white 
background immediately behind the adjacent tubes. 50 mg. of urease 
(0.5 ec. of 10 per cent solution) containing 0.20 unit per mg. (an average 
preparation of acetone-precipitated jack bean urease) require 5 minutes 


at 20°. 


TaBLe II 
Factors for Colorimetric Timing Method 


Temperature Factor Temperature Factor 
"G. 
5 2.10 25 0.758 
26 0.727 
10 1.62 27 0.689 
1] 1.54 28 0.653 
12 1.47 29 0.620 
13 1.40 
1 1.33 30 0.590 
31 0.562 
15 1.26 32 0.536 
16 1.20 33 | 0.510 
17 1.14 34 0.485 
18 1.08 
19 1.03 35 0.461 
20 0.982 40 0.363 
21 0.937 
22 0.890 45 0.304 
23 0.842 
24 0.800 50 0.270 
55 0.245 





lf the colors match in less than 2 minutes, the determination is repeated 
with urease solution formed by diluting ] volume of the 10 per cent solution 
to V volumes with water. Ordinarily no dilution is needed, and V = 1. 
Caleulation— 


factor X V 


(10) Sumner units per mg. = ———— 
time in min. 


The factors are given in Table II. They were determined empirically by 


observing the time intervals required at different temperatures for urease 
of known activity to raise the pH to 7.7. 
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EXPERIMENTAL. MANOMETRIC 


Effects of Too Much Urease or Too Little Protein on Activity Measurements 
—The activities of two preparations of urease as indicated by the technique 
outlined in the original method of Van Slyke and Cullen (1) were compared 
with the values obtained by (a) the manometric method, Procedure A, 
outlined above, and (b) the same manometric procedure modified by omit- 
ting the albumin. The results are recorded in Table III. 

The lower “apparent units” by the titration method are due to the fact 
that more units of urease were present than this method was designed to 
measure, and so much ammonia was formed that the phosphate buffer did 
not suffice to hold the pH from rising above 7.2. When the manometric 
procedure was modified by omission of the albumin, results were also low, 


TaBLe III 
Diminution of Apparent Urease Activity by (a) Using So Much Urease That Final 
pH Exceeds 7.3 (Titrimetric) or (b) Omitting Egg Albumin (Manometric 








‘itrimetric: volume 6 cc., urease : s 
Pitrime » VOIMERE © CC. | Manometric; volume 6.5 cc., urease 0.154 mg. per 
16.7 mg. per cc., urea 50 mg » kage ban 
per phosphate 0.417 urea 23 mg. per cc., phosphate 0.05 m, 
I >t pu ‘ ’ lige 5 i 
, diges er 
Preparation digestion period, 15 min gestion period, 5 min 
ot urease, — ———eEeEEOor —— — 
Squibb’s a2 , —_ | e 
jouble No albumin No albumin 5 per cent albumin 
strength - ——- ——————— —_—_—_—_—“—X__— 
NH;-N Apparent pH at . . Apparent > Sumner 
comme Sumner end of | Pcoy 4 = 2 Sumner Poo» @ = 2° “unit 
—- units reaction inits 
me per me. mnt wrt per mg mm per me 
I 15.16 | 0.1505 8.7 17.2 (25.9 0.123 | 102.7 (25.5°) | 0.272 
x = /Or ° ‘ 
».5 (25.0°) | 0.314 


II 18.49 0.1616 8.9 51.1 (26.0° 0.132 | 11 


*In the manometrie activity determinations the pH remained within the range 


6.8 to 7.2 throughout the reaction period. 


chiefly from the effect of the mercury. The correct results are given in 
the last column of Table III. 

Chang $ an pH and Reaction V«¢ locity When High Actwity Urease Is Used 
in the Van Slyke-Cullen Activity Determination—In Fig. 1 the pH and 
velocity are plotted against both time and the amounts of ammonia nitro- 
gen formed. The results were obtained with a 10 per cent solution of 
“double strength” urease (Preparation I, Table III) acting under the con- 
ditions of the Van Slyke-Cullen assay (1). The pH of the digestion mixture 
was observed at minute intervals in a glass electrode for 15 minutes at 20°. 
The ammonia liberated was measured in separate reaction mixtures by 
aeration and titration, as described by Van Slyke and Cullen (1, 2). 

Effects of Presence of Metallic Mercury, and of Addition of Egg Albumin, 
When the Concentration of Jack Bean Protein Is Small—The results of three 
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series of experiments are shown in Fig. 2. The digestions and analyses in 
two of the series were carried out in the manometric chamber, in the pres- 
ence of metallic mercury, as in Procedure A. In the third series, the results 
of which are given by the intermediate curve, the digestions were carried 
out in a flask, without contact with mercury, by the technique of mano- 
metric Procedure B, except that no albumin was present. The incubations 
were conducted at room temperature and lasted 5 minutes. The values of 
Peo, observed were multiplied by the C factors in Table I, to give the 
amounts of ammonia that would be formed at 20°. The variable in each 
series was the concentration of ‘‘double strength’ urease in the enzyme 


solution added. 








“Oo 3 6 9 J2 15 18 2) 24 27 30 33 36 39 42 45 
Mg. ammonia N formed 


Fic. 1. Change of pH and velocity of reaction when 1 cc. of 10 per cent urease 
(27 Sumner units) acts at 20° on 5 ec. of molar urea in 0.5 mu phosphate. 

From the uppermost curve it is seen that under the conditions of Pro- 
cedure A, with albumin added, the amount of ammonia formed is directly 
proportional to the amount of urease present. 

The lowest curve, from the digestions in the presence of metallic mercury 
with no added egg albumin, was made with a urease preparation slightly 
stronger than that used for the other two curves; this lowest curve indicates 
that in the digests with the smallest amounts of urease nearly all of the 
latter was inactivated. When the concentration of urease powder exceeded 
0.01 mg. per cc. of digest, the increase in rate of ammonia formation for 
each further increase in urease concentration paralleled the increase indi- 
cated by the uppermost curve. The explanation appears to be that when 
a solution containing less than 0.01 mg. of urease preparation per cc. was 
used the concentration of jack bean proteins, which constitute the greater 
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part of the commercial “urease” employed, was not sufficient to protect the 
enzyme from inactivation. The inactivation was partly the effect of the 
mercury, and partly (middle curve, Fig. 2) the effect either of other sub- 
stances in the reagents, or of mere dilution in the absence of protecting 
protein (10). That inactivation of the more dilute urease solutions occur- 
red, even in the absence of mercury, is shown by the intermediate curve 
of Fig. 2. 

In the Van Slyke-Cullen (1) activity estimation the use of 1 cc. of 10 per 
cent solution of crude soy bean urease provided sufficient protective protein 
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Fig. 2. Influence of albumin on activity of dilute solutions of urease in presence 


and absence of mercury. 


to prevent such inactivation. When the smaller amounts required of the 
more active jack bean urease are used, especially the minute amounts used 
in the sensitive manometric procedures, addition of other protective 
protein is necessary. 

Proportionality between Duration of Urease Action and Amount of Ammonia 
Formed under Conditions of Manometric Procedure A—Fig. 3 shows the 
degree of proportionality existing between the duration of the reaction and 
the amount of ammonia formed by 1 cc. of 0.1 per cent urease in the 
manometric chamber. 

Temperature Coefficient of Urease Action under Conditions of the Activity 
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Measuremenis—W ith the manometric Procedure A reactions were run at 
different temperatures by regulating the temperature of the water jacket 
surrounding the Van Slyke-Neill blood gas chamber. Water of the desired 
temperatures was circulated through the water jacket before and during 
each incubation. The buffered substrate was allowed to come to tem- 
perature equilibrium within the chamber before addition of the enzyme. 
The enzyme solution was measured in a stop-cock pipette at room tem- 
perature. The pipette and its contents were then brought to a temperature 
approximating that of the substrate. After completion of the incubation 
and before extraction of the CO, the temperature was adjusted, when 





10 
Al 


Be 
| 


Mg. ammonia N formed at 20°C. 





2 3 4 ae 


Time in minutes 


o 


Fic. 3. Proportionality between amount of substrate hydrolyzed and duration of 
incubation under conditions outlined in Procedure A. 


necessary, to fall within the range of Van Slyke’s manometric factors 
((4) p. 713). 
Rate at (¢° + 10°) 


Rate at ¢° = coefficient as recorded in Table IV 
ate a 


ae = = factor C for t® as recorded in Tables I and IV 
Rate at t° 

Table IV shows that the temperature coefficients for urease acting under 
the conditions of the present manometric method vary from 1.48 between 
30—40° to 1.77 between 5-15°. . 

Under the conditions of the colorimetric method (Table II) the apparent 
temperature coefficient for the same temperature range varies from 1.62 to 
1.67. The difference between the temperature coefficients obtained by the 
manometric method and the apparent coefficients calculated from data 
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obtained by the colorimetric method is due partly to the effect of tem- 
perature on the pH of the buffers and consequently on the difference in the 
amount of (NH,)2CO; which is required to change the buffer from the initial 
pH to that at which the color in the two tubes match. In the colorimetric 
method the amount of ammonium carbonate required to bring about a 
matching is not the same at 5° as at 20° or 40°. Hence the true tempera- 
ture coefficient can be determined only by the manometric or titrimetric 
methods. Correct activity values are given by the colorimetric method 
because corrections for all temperature effects, on buffer and indicator 
as well as on the enzyme, are incorporated in the factors of Table IT. 


TaBLe IV 


Temperature Coefficients of Urease As Determined by Manometric Procedure 














Temperature Factor C, Table I Temperature coefficent 

°C. 
5 2.31 \ | 

10 1.76 1.77 
15 1.30 } < 1.76 
20 1.004 ? 1.67 
25 0.779? 5 1.62 
30 0.617) > 1.52 
35 0.511) 1.48 
40 0.417 








SUMMARY 


1. Egg albumin has been shown to protect urease in dilute solutions from 
inactivation. 

2. The original manometric and titrimetric procedures for measuring 
urease activity have been modified for application to the more active urease 
preparations now available. 

3. A simple colorimetric procedure has been added; the speed with which 
pH is raised in a specified phosphate-urea solution serves as a measure of 
the rate of ammonium carbonate formation, and of urease activity. 
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THE ENZYMATIC DETERMINATION OF GLUTAMINE 
By REGINALD M. ARCHIBALD* 
(From the Hospital of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, May 16, 1944) 


Existing methods of measuring glutamine depend upon either the libera- 
tion of ammonia by mild acid hydrolysis (1) or on the fact that when 
heated at 100° in neutral or slightly acid solution transformation to pyrroli- 
donecarboxylie acid occurs with disappearance of the amino nitrogen (2) 
determined by the nitrous acid method (3) and disappearance of the 
—CH(NH:)-COOH group determined by evolution of its CO. when heated 
with ninhydrin (4, 5). 

In view of the growing interest in the physiological réle of glutamine 
(5-9) it seems desirable to have available also a specific enzymatic micro- 
method. 

Krebs (9) demonstrated that the cortex of rabbit, pig, guinea pig, and 
sheep kidney contained an enzyme, glutaminase, which hydrolyzed gluta- 
mine to glutamic acid and ammonia, and the writer has described a prepara- 
tion adapted to analytical use (10). The present paper outlines a method 
which uses this enzyme to determine the glutamine content of blood, 
plasma, and plant extracts and to assay the purity of glutamine prepara- 
tions. Use of this method to assist in identifying glutamine amide nitrogen 
as a source of urinary ammonia has been published in a preliminary note 
(11). 

Two procedures will be described. In one, the “filtrate nesslerization 
procedure,” the digest is deproteinized and the ammonia is determined in 
the filtrate. In the other, the “distillation procedure,” the ammonia is 
distilled in vacuo and nesslerized in the distillate. The filtrate method, 
though less accurate and less satisfactory than the distillation method, is 
included since it permits approximate estimation of glutamine when the 
distillation apparatus is not available. 


Apparatus 
Incubator or water bath at 38°. 
Apparatus for micro ammonia determination (12). 
Reagents Used Only in Filtrate Nesslerization Procedure 


10 per cent sodium tungstate. 

0.5 N HSO,. 

2.5 per cent potassium persulfate. Stored in ice box, fresh weekly. 

1.0 per cent potassium gluconate. Stored in ice box, fresh weekly. 

* Fellow of the National Research Council, Division of Medical Sciences. 
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Reagents Used Only in Distillation Procedure 


Saturated borate buffer to give pH 10.0. A mixture of 47 ec. of 18 N NaOH 
(or 34 gm. of NaOH or 47.6 gm. of KOH), 185 gm. of borax (U. 8. P, 
powder), and 1800 cc. of water is boiled for 15 minutes to remove traces of 
ammonia. The solution is cooled to about 30° and made up to 2 liters with 
water. 2 cc. of the diluted solution with 0.5 cc. of 1 m phosphate buffer of 
pH 7.2 give a solution of pH 9.9 (glass electrode). 

0.04 n H,SO, (approximate). 0.56 concentrated H.SO, diluted to 500 ce. 

Antifoam. 1 volume of sorbitan monolaurate' and 3 volumes of liquid 
paraffin? 


Reagents Used for Both Procedures 


Potassium cyanide, 0.04 m, pH 7.2. To 2350 cc. of distilled water add 
6.5 gm. of KCN and 150 ce. of 1M NaH,PO,. The cyanide solution should 
be stored in the ice box and prepared fresh at least every week to keep the 
ammonia blank near its minimum. 

Phosphate buffer, 1 uw. To1 volume of M NaH,.PO, are added 3 volumes 
of m K,HPO,; 0.5 cc. of this solution on dilution to 2.0 ec. gives pH 7.2. 

0.0005 ma (NH 4)oSO, for Standard. 0.0140 mg. of NH;-N per cc. 

Nessler’s solution, as prepared by Vanselow (13). 45.5 gm. of mercuric 
iodide together with 34.9 gm. of potassium iodide are dissolved in 150 ce. 
of water. 112 gm. of potassium hydroxide are added and the volume 
adjusted to 1 liter with water. 

Glutaminase. The “25 per cent’ emulsion of dialyzed kidney extract 
described in the accompanying paper (10). It should have an activity of 
at least 10 glutaminase units per cc. 


PROCEDURE A. DIRECT NESSLERIZATION OF DIGEST FILTRATE 


Collection of Plasma for Glutamine Determination—In the determination 
of plasma glutamine levels blood was drawn in oiled syringes to minimize 
hemolysis, and was mixed with 1 mg. of potassium oxalate, or 0.05 mg. of 
heparin, per cc. in CO,-filled centrifuge tubes. The blood was centrifuged 
at once, in a cold room or ice box, and the separated plasma was recentri- 
fuged to remove the few remaining cells. As shown by Conway (14), if 
whole blood is kept in an atmosphere of CO, until the centrifugation is 


t This is supplied by the Atlas Powder Company, Wilmington, Delaware, under the 
trade name of Span 20. 

2 For some purposes the mineral oil can be replaced to advantage by the same 
proportions of 2-methyl-2,4-pentanediol, obtained from the Commercial Solvents 
Corporation, 17 East 42nd Street, New York. A warm mixture of 1 part of glycerol 
monolaurate S (Glyco Products Company) in 4 parts of mineral oil is also a good 
antifoam. 
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complete, the ammonia content of the plasma is thereby reduced to a 
negligible amount. However, as ammonia blanks are run on the plasma 
in the present analysis, maintenance of the CO, saturation in the present 
analysis is not essential. 

Digestion of Sample with Glutaminase—To a sample of 1 ce. of plasma, 
or of other fresh neutral material containing 0.05 to 1.2 mg. of glutamine, 
0.5 ec. of the phosphate buffer (to give a final pH of 7.3) then 0.5 cc. of 
25 per cent suspension of dialyzed kidney are added and mixed. The 
mixture is incubated 1 hour at 38°. 

Blanks—Simultaneously three blanks are run. 

On the reagents other than the enzyme preparation, a blank is prepared 
in which the sample and enzyme are replaced by 1 cc. of water and 0.5 cc. 
of cyanide solution, respectively. The NH;-N in the reagent blank is Bp. 

On the enzyme, a blank is prepared in which 1 cc. of water replaces the 
sample, the enzyme and other reagents being present as in the analysis. 
The mixture is incubated in the same manner as the analyzed sample. 
The ammonia formed is the sum of that preformed in the enzyme prepara- 
tion and reagents plus that formed from materials in the enzyme prepara- 
tion during the incubation. The NH;-N in the enzyme blank is Bg. 

On the sample, a blank is prepared in which the sample is mixed with 
buffer plus 0.5 cc. of the cyanide solution instead of plus 0.5 cc. of enzyme 
suspension. The mixture is incubated in the same manner as the analyzed 
sample. In this blank one determines the ammonia preformed in the 
plasma or other material forming the sample, together with ammonia 
formed during the incubation by actions other than that of glutaminase. 
Included in the ammonia measured in this blank is approximately 5 per 
cent of the amide nitrogen of whatever glutamine is present in the sample. 
This ammonia is split from the amide group of the glutamine in three 
successive stages of the manipulation as follows: (a) during the 1 hour 
incubation 2 per cent of the amide nitrogen is liberated by spontaneous 
decomposition at that temperature; (b) during the period of 1 hour at room 
temperature (25°) between precipitation of the proteins and nesslerization 
of the filtrate another 2 per cent is liberated; (c) during the 5 minute period 
between addition of the Nessler’s solution and the photometer reading 1 per 
cent is liberated by the action of the Nessler’s reagent. The NH;-N in the 
sample blank is Bs. 

Deproteinization—Immediately at the end of the 1 hour incubation 
period 1 ec. of 10 per cent sodium tungstate solution is added to each digest 
and mixed. Then 2 cc. of the 0.5 n sulfuric acid are added and mixed. 
The solution is made up to a volume of 10 cc., mixed, and filtered. 

Standard Transmittance Curve—Solutions containing 0 (S»), 0.0140, 
0.0280, and 0.0420 mg. of ammonia nitrogen per 5 cc. are prepared as 
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follows: Of 0.5 mm (NH,)2SO, solution, portions of 0, 1, 2, and 3 ec. respee- 
tively are mixed with 0.5 cc. portions of a cyanide-phosphate solution which 
is prepared by mixing equal volumes of 0.04 m KCN? and the 1 m phosphate 
buffer. Water is added to bring each ammonia-phosphate-cyanide solu- 
tion to exactly 5 ce. 

Nesslerization—Shortly before nesslerization a solution is prepared by 
mixing equal volumes of the 2.5 per cent potassium persulfate solution and 
of the 1 per cent gluconate. To 5 cc. of each tungstic acid filtrate and to 
each standard add 1 cc. of this persulfate-gluconate solution, which serves 
to prevent development of turbidity from reduction of the mercury in the 
Nessler’s reagent (15). After the material is mixed, 0.5 cc. of Nessler’s 
reagent is added and mixed. 

Measurement of Transmittance—During the interval between 4 and 6 
minutes after the Nessler’s solution is added the transmittance of the 
solution is measured in a photometer, light of a wave-length of 450 my 
and a cuvette which provides a transmitting laver of about 1 cm. length 
being used. The transmittance of the standard S, is taken as 100 per cent, 
When an instrument with a transmittance scale which extends above 100 per 
cent is used, it is convenient after adjusting the instrument to read 100 per 
cent with Sy, to record the transmittance in the absence of the cuvette, and 
when compensating for any instrumental fluctuations during the series to 
adjust to this reading without the cuvette rather than to read 100 per cent 
transmittance with So. 

Special Timing Conditions for Blank Bs—In order to make the ammonia, 
split by non-specific reactions from glutamine in the sample blank, total 
the estimated 5 per cent of the glutamine amide nitrogen, the period during 
which the tungstic acid filtrate stands before nesslerization is set at 1 hour, 
before the Nessler’s solution is added, and the period of 5 minutes between 
adding the Nessler’s solution and measuring the transmittance must be 
accurate within +1 minute. 

Calculation—The glutamine amide nitrogen (half the total glutamine 
nitrogen) in the sample analyzed is calculated as 
(1 os rai ~ Be —'B, + Ba) 


The amount of glutamine is G X 10.43. 


G = glutamine amide nitrogen 

N = the total ammonia nitrogen measured in the incubated digest 
Bz = NH;-N found in the enzyme blank 

Bs= ‘* ee - sample 

Bp= “* ” - « « reagent 











* As it decreases the amount of color developed with Nessler’s reagent, cyanide 
must be added to each standard in a concentration equal to that present in the un- 
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Derivation of Equation 1—Besides the symbols used in Equation 1 the 
following are employed. 


= NH;-N preformed in the sample 


a” 
| 


% = ‘* formed in the sample blank from spontaneous decomposition of non- 
glutamine substance of the sample during incubation at 38° 

e: = NH;-N preformed in the enzyme suspension 

@ = ‘* formed from substances of the enzyme suspension during incubation 
at 38° 

r, = NH,-N in reagents (buffer, etc.) other than the enzyme suspension 

From the conditions described 

(2) N=G+83,+ 8 te tetn 

(3) Bs = 0.056 + 8s, + %& +r 

(4) Be =e, +er+r 

(5) Br =r 


Subtraction of the sum of the blanks, equations (3) + (4) + (5) from (2) 
gives 
(6) N - (Bs rT Bg —~ Br) = 0.95G — 2r; 


Since r; = Bp, we can substitute Bp for. Making this substitution and 
solving for G we have 


(7) G =,1.052(N — Bg — Bg + Bz) 


PROCEDURE B. NESSLERIZATION OF DISTILLATE FROM DIGEST 


2 cc. of plasma or 1 to 5 cc. of other neutral solution (containing 0.05 to 
0.6 mg. of glutamine), 0.5 cc. of molar phosphate buffer, and 0.5 ec. of 25 
per cent suspension of dialyzed kidney in 0.04 m KCN are incubated 1 hour 
at 38°. Appropriate blanks for ammonia production in the enzyme (Bz), 
in the sample (Bs), and in the reagents (Bz) are prepared as indicated for 
Procedure A and incubated at the same time. The tubes containing 
unknowns and blanks are then placed in ice water or in a thermos bottle 
partly filled with dry ice. The contents of each tube are transferred in 
turn to a 50 ce. thick walled centrifuge tube with a minimum of wash water, 
and 1 drop of antifoam mixture is added.‘ Alkalinization with borate and 
vacuum distillation of the ammonia into 5 cc. of 0.04 n H,SQ, are carried 
out in the apparatus described by Archibald (12), with the bath at 50° 


* Caprylic alcohol cannot be used as antifoam reagent without special precautions, 
because it coagulates the red colloidal ammonia-mercury compound formed in 
Nessler’s solution. However, if 1 cc. of persulfate-gluconate (15) mixture is added 
before the Nessler’s solution the use of 4 drops of caprylic alcohol as antifoam is per- 
missible. The sorbitan laurate has the advantage over caprylic alcohol that it does 
not distil over to any appreciable extent, 1 drop lasts for the whole determination, 
and the later use of gluconate-persulfate is unnecessary. 
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and the solution at 35-42°. After addition of 2 ec. of the borate to the 
enzyme digest, the pH of the mixture is 9.9. 

The distillation of the ammonia is complete in 5 minutes. The distillate 
and rinsings are run directly into a 10 cc. volumetric flask and the volume 
is adjusted to 10 ce. 

Standards are made up in 10 cc. volumetric flasks with 1, 2, 3, or 4 ce. 
of 0.0005 m (NH,)2SO,, 5 ec. of 0.04 ~ H,SQO,, and water to volume The 
Nessler blank is made up, 5 ec. of 0.04 Nn H,SO, and water to 10 ce. 

To each flask (Nessler’s blank, other blanks, standards, and samples 
is then added 0.5 cc. of Nessler’s reagent. The resulting solutions have 
been read in our analyses in Coleman’s Spectrophotometer 10-S with a 5 my 
slit at 450 mu wave-length against the Nessler blank which is set at 100 per 
cent transmission. Thus correction is automatic for the small amount of 
ammonia present in the 5 cc. of 0.04 N acid, and the distilled water used to 
make up to volume. Correction for the ammonia present in the water 
used to transfer the enzyme digest to the distilling tube is included in Bp. 

Calculation—The calculation is by Equation 8, which is the same as 
Equation 1, except that the constant 1.05 is replaced by 1.022. 


(8) G= 1.022(N - By —= Bs + Br) 


The derivation of Equation 8 is similar to that of Equation 1. However, 
the correction factor, 1.022, replaces the factor 1.05 of Equation 1 because 
the procedure used here, when applied to determination of the blank Bg, 
liberates NH; from only 2.2 per cent, instead of 5 per cent, of the amide 
group of the glutamine present. The freeing of 2 per cent of the amide 
nitrogen as ammonia which occurs in Procedure A during the hour of stand- 
ing of the tungstic acid filtrate prior to nesslerization is here avoided, and, 
in place of 1 per cent freed by decomposition of glutamine in Bs by Nessler’s 
solution in Procedure A, only 0.2 per cent in Procedure B is liberated during 
the distillation. 
DISCUSSION OF TECHNIQUE 

Conditions for Nesslerization of Filtrate in Procedure A—Direct nessleriza- 
tion of filtrates from the enzyme digest gives satisfactory results only when 
the concentration of interfering substances is small. With uremic blood 
or tissue filtrates there is present too high a concentration of urea, which 
shifts, and changes the shape of the absorption curve, and of creatinine, 
which reduces Nessler’s reagent and is largely responsible for the turbidity 
so frequently encountered in direct nesslerization. The gluconate-per- 
sulfate mixture recommended by Gentzkow (15) is adequate to prevent 
clouding only when the concentration of creatinine is less than 5 mg. per 


to the standards, since none 


5 There is no need in this procedure to add cyanide 
is retained by the acid distillates. 
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100 ce. Gentzkow obtained theoretical recovery of ammonia on direct 
nesslerization of urease-treated blood filtrates only when \ = 490 to 510 
mu. We find that the wave-length at which recovery of added ammonia 
is theoretical is increased in the presence of pyruvate and decreased by the 
presence of urea and amino acids. In the presence of the latter, recovery 
of added ammonia is theoretical at about 450 mu. With our reagents and 
technique of direct nesslerization recovery of ammonia added to dog tissue 
or plasma filtrates has been theoretical only at 450 to 470 my. Since 
Nessler’s reagent is more sensitive at 450 than 500, and absorption by the 
Nessler blank is increased only slightly by using the shorter wave-length, 
we have used \ = 450 my for measuring the ammonia in the “direct’’ 
nesslerization procedure as well as after distillation. 

Relative Advantages of Nesslerizing Distillate Rather Than Filtrate (Pro- 
cedure B Versus Procedure A)—The distillation procedure has the following 
advantages: As no protein precipitation is necessary, there is no loss of 
glutamine in a bulky precipitate. The whole of the enzyme digest instead 
of an aliquot is available for analysis, and smaller concentrations of gluta- 
mine can be determined. No creatinine, amino acids, or other filtrate 
materials are present to complicate conditions for nesslerization of the 
distillate. No gluconate-persulfate is necessary. Any cyanide distilled 
off is not caught by the acid, hence cyanide need not be added to the stand- 
ards. Absence of interfering constituents permits selection of a wave- 
length over a wide range. With the distillation technique, results are more 
accurately reproducible, and blank values are more consistent, than with 
the direct nesslerization of filtrates. This is especially true of the correc- 
tion value for preformed ammonia. The ammonia liberated from gluta- 
mine itself, in blank determination Bs, during the distillation at 38-42° 
and pH 9.9 in 5 minutes is only 0.2 per cent of the glutamine amide N, 
whereas in Procedure A the blank Bg includes about 2 per cent of the gluta- 
mine amide nitrogen which is freed as ammonia during the clearing pro- 
cedure, and an additional 1 per cent liberated by the action of the Nessler 
reagent. While correction for ammonia from these sources is made in the 
blank in Procedure A, the correction is less constant and accurate than the 
smaller one obtained in the distillation technique. 


Resulis 


Table I compares the results by the two methods of the enzymatic 
determination of amide N of glutamine preformed in plasma, of glutamine 
added to plasma, and of pure glutamine in distilled water. 

Fig. 1 indicates the rate of action of the enzyme on pure glutamine solu- 
tion and on plasma and shows that the reaction is usually complete within 
+ hour. 

Tables II and III show the glutamine amide N concentration in a number 
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of plasmas from fasting human subjects and from fasting dogs. The 
parallel results “by ninhydrin” are by a method which will be described 
in a later publication by Dr. P. B. Hamilton. 

Table IV indicates the concentration of glutamine (as determined by the 
enzymatic method) in synovial fluid and yolk and white of fresh chicken 
egg. Table V shows the purity of glutamine preparations as indicated by 
the enzymatic and ninhydrin methods. 
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Fic. 1. Time curve of hydrolysis of glutamine in water solution and in plasma at 
pH 7.2 at 38° by 0.5 cc. of 25 per cent suspension of dog kidney in 0.04 m KCN. 


TaBLe I 
Recovery of 0.4 Mg. of Glutamine by Two Methods 





+ : , Recovery of Recovery of 
Glutamine amide glutamine added glutamine added 
N in dog plasma : ¢ 
to plasma to water 
mg. per 100 ce per cent per cent 
Nesslerization after distillation 0.62 100.0 100.0 
0.62 100.2 100.2 
Direct nesslerization of protein-free 0.65 95.2 106.4 
filtrates 0.66 95.2 103.7 


Enzymatic analysis for glutamine in urine is at present not entirely 
satisfactory, presumably because inhibiting substances are present in urine. 
Recovery experiments, however, indicate that the amide N of free glutamine 
in urine is almost insignificant in amount. 

In dog urine excreted between the plasma samplings indicated in Table 
III under Dog B-18, June 24, glutamine amide N was less than 0.024 mg. 
per 100 cc.; the excretion rate was less than 0.01 mg. per minute. 

Urine values for dogs in acidosis are of the same order of magnitude. The 
urine output in a normal human is 11 mg. of amide N per 24 hours. This 
is of the same order of magnitude as the value for glutamic acid (4.3 mg. 
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per 100 cc.) reported by Cohen (16) as present in human urine. Cohen’s 
method of determination would include glutamine as well as glutamic acid. 




















Taste II 
Glutamine Amide N Content of Plasma of Fasting Humans 
| | Glutamine a-Amino 
amide N s N of 
aS Total | glutamine 
Patient Age | Sex | Diagnosis ja-aminojas er cent 
| By B N | of total 
glutam- aiaky- a-amino 
inase drin N 
| es. | ad od bd ee 
R. A. | 34|M.| Normal 0.87 3.96 | 22.0 
D.S. | 25 | “ | Convalescent, malaria 0.74 
0.74 
G.L. | 20} “ . - 0.82 | 
0.82 
J.D. | 22} « “ “ | 0.66 3.72 | 17.7 
ma, i) * | - “ | 0.99 
| 0.98 | 
R. K. | 22| “ | Malaria (in chill) | 0.37 3.36 | 11.0 
L. P. 22 | “* | Convalescent nephritic | 0.80 4.79 | 16.7 
W.G. | 46 | 7 ? Fe 0.70 | 3.80 | 18.4 
J. W. 23} “ 7 9 0.66 4.04 16.3 
R. B. | 12 | ia 7 = | 0.72 3.43 | 21.0 
C.T. | 6/F. | ‘ “ | 0.50 2.70 | 18.5 
L.R. | 5|M. “ | 0.66 | 3.37 | 19.6 
W.M. | 12] “ ee . | 0.66 | 3.78 | 17.5 
mae | 26) “ oi o | 0.75 | 3.27 | 23.0 
L.W. | 4|F. | Nephrotic, Oct. 26, 1942 0.30 | 2.94 | 10.2 
| Nov. 2, 1942 | 0.20 | 2.66 | 7.5 
“« 6, 1942 | 0.66 | 
J. A. | ej | « 0.71 | 
M.R. | 5| “ | Convalescent nephrotic | 0.87 | | 4.52 | 19.2 
C.S. | 32]M.| a es 0.78 4.17 | 18.7 
B.W. | 14(/F. | “2 = 0.85 | 3.32 25.6 
C.M. | 24 |M.| Terminal nephritic | 0.84 | 4.44 18.9 
N. O. 20; ** | 7 = | 0.94 | 5.70 16.5 
K.T. | 44] “ | - “ coma, arterial | 0.40 | 0.53 | 
. <a ‘* jugular | 0.38 | 0.43 | 
D.S. | 8| “ | Advanced progressive muscular | 0.61 | | 3.10 | 19.7 
dystrophy | 
G. T. 7 " 3 0.61 | 3.26 | 18.7 
F.R. | 56 |F. |Chronic myelogenous leucemia | 0.64 | 2.82 | 22.7 





Discussion of Results 
The production of ammonia in the enzyme blank, though reduced mark- 
edly by the presence of cyanide, is still appreciable. It is assumed that 
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Glutamine Amide N Content of Plasma of Fasting Dogs 


Date 


Dec. 4, 1942 
June 21, 1943 | 


Dec. 14, 1942 | 


June 24, 1943 | 


Dec. 4, 1942 


Oct. 5, 1943 | 
| 


Dec. 10, 1942 


Feb. 8, 1942 


Condition 


1 Gog 


oam- - 
Dan Lx" 
me per 
Acidosis l 0.79 
2 0.81 
3 | 0.77 
" l 1.19 
2 1.22 
3 1.20 
Alkalosis l 0.80 
2 0.87 
3 0.88 
] 1.05 
2 1.09 
3 1.21 
Acidosis l 1.09 
1.09 
2 1.05 
1.05 
3 | 1.03 
1.03 
l 0.82 
2 0.73 | 
l 0.68 
0.68 
2 0.69 
0.69 
3 | 0.69 
| 0.68 
Normal 





By glutaminase 


5 am Rena 
\,. | ven 

mg. per 

IW ce 

l 0.67 
2 0.58 
3 0.60 
l 0.76 
2 0.81 
3 0.81 
l 0.80 
2 0.84 
3 0.83 
l 0.89 
2 0.95 
3 0.97 
l 0.81 
0.81 

2 0.79 
0.79 

3 0.85 
0.85 

] 0.65 
2 0.64 
l 0.46 
| 0.47 

2 0.44 
0.48 

3 | 0.47 
| 0.46 

| Syste- 
mic 
venous 
1.04 
0.69 
0.87 
1.00* 
0.97 


* This value was obtained by direct nesslerization. 
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By ninhydrir 


Ar. Sam - 
d ; ie 
terial N 
meg. per 
100 «x 
1.22 
1.23 
1.12 
I 
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0.93 
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the ammonia formed in the enzyme blank results from action of cathepsins | 
and other peptide-splitting enzymes on the kidney proteins with liberation 
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of glutamine from the proteins and subsequent hydrolysis by glutaminase. 
The observation that the enzyme blank increases much less on incubation 
when bromosulfalein is present favors the conclusion that the ammonia 
formed on incubating the enzyme blank is derived from glutamine and is 
liberated by the action of glutaminase. Bromosulfalein has been shown 




















TaBLe IV 
Glutamine Amide N in Synovial Fluid and Egg White and Yolk 
Glutamine amide N 

” > esl ina sl mg. per 100 cc. 
Human synovial fluid............... Ree Bint, 1.28 
White of unincubated egg, Sample 1..... Ne a 0.25 

es = 3 Bai oi. ’..ces i 0.16 
Yolk of unincubated egg............. Sak ce go's od 3.52 











TABLE V 
Determinations of Purity of Samples of Glutamine 











NHN | Amide N Amide N by 
Sample -—- > = p< a ninhydrin 
per cent Yicoreticel | theoretical 
Glutamine (rye grass exudate)*............ 0.05 100.24 | 100.0 
” et A Tt 7 0.1 99.0 | 
Commercial Sample L-2........... 1.32 93.00 | 
93.88 94.0 
ee ee | Sere eee ve 81.17¢ | 
81.20 81.9 
Z atti te Oery eanewwrih ack Gee 80.9 83.1 
as w DNS ivrvns cate e ees a 0.10 93.3 
ee 0s. GlaMbabkdivve.: cef 0.05 85.7 
«“ %, Ewe scsoobembisu si. | 99.2 0.8 | 
Cs ? ae ee ae 8.0 73.0 
” be IF nat 0a eee aks | 73.3 <3.0 <1.0 











* Supplied through the kindness of Dr. Pucher and Dr. Vickery. 
+t NH;-N liberated by heating 2 hours at 100° with 0.02 n H,SQ,, 80.6 per cent of 


theory. 


(10) to inhibit glutaminase. Under the conditions outlined for glutamine 
determination in plasma the concentration of protein in the enzyme prepa- 
rations is so high that the addition of plasma proteins does not increase 
that portion of the blank which is due to liberation of ammonia from 
proteins. Consequently the method is applicable to plasma without cor- 
rection for effects of plasma proteins. The upper curve in Fig. 1 shows 
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the difference between the ammonia in (a) the plasma plus kidney extract, 
(b) the blank containing kidney extract. This difference reaches a maxi- 
mum. If ammonia liberated from glutamine derived from proteolysis in 
the kidney extract were less than when plasma proteins were also present, 
no such maximum would be attained. 

The presence of an appreciable concentration of glutamine in chicken 
egg yolk and the maintenance of moderate concentrations during 6 days of 
incubation suggest an analogy between conditions in the egg and those 
existing in plant seeds. The localization of glutamine to the yolk is remark- 
ably complete in the unincubated egg but decreases during incubation. 

It can be seen from Table II that the plasma values for convalescent 
patients ranged from 0.5 to 1.0 mg. of glutamine amide N or from 5.7 to 
10.4 mg. of glutamine per 100 cc. The lower limit of normal may be con- 
sidered to be about 0.6 mg. of glutamine amide N or 6.2 mg. of glutamine 
per 100 cc. In fasting dogs the plasma level in arterial or systemic venous 
blood varied between 0.68 and 1.22 mg. of amide N per 100 cc. or between 
7.1 and 12.7 mg. of glutamine per 100 cc. The level varied appreciably in 
the same dogs from one time to another. 

The average of the values for arterial and systemic venous dog blood 
is 0.92 mg. of amide N, or 9.6 mg. of glutamine, per 100 cc. The average 
for the renal venous blood of dogs in acidosis was markedly lower; viz., 
0.67 mg. of glutamine amide N or 7.0 mg. of glutamine per 100 cc. It has 
previously been shown (11) that the kidneys remove amide nitrogen from 
glutamine to form ammonia excreted in the urine. 

The finding, indicated in Fig. 1, that the velocity curve of ammonia 
production by glutaminase is almost identical, whether the enzyme acts 
on a glutamine solution or on plasma, affords added evidence that the sub- 
stance measured in plasma is free glutamine. 

Cohen (16) reported that the glutamic acid level in human blood plasma 
was 2.8 mg. per 100 gm. His method involved conversion of glutamic acid 
to suecinic acid and subsequent measurement of O,. uptake in the presence 
of succinoxidase. His method was, as he realized, not specific for glutamic 
acid, but measured glutamic acid plus 70 per cent of the glutamine plus 
17 per cent of the glutathione present. The value reported by Cohen is 
equivalent to 4.0 mg. of glutamine per 100 cc. Comparison of the values 
found by Cohen for glutamine + glutamic acid concentration with our 
values (Table II) for glutamine in normal (convalescent) human plasma 
makes it appear probable that practically all of the material measured by 
Cohen as glutamic acid was in fact glutamine. 

The total a-amino acid nitrogen of free amino acids in normal human 
plasma, measured by the ninhydrin-CO, method, has been found by Hamil- 
ton and Van Slyke (17) and by Cramer and Winnick (18) to average 4.1 mg. 
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per 100 cc. The median normal (convalescent) glutamine amide nitrogen 
of 0.8 mg. per 100 cc. indicates that glutamine a-amino nitrogen constitutes 
about 20 per cent of the total a-amino nitrogen of the plasma, and that the 
total glutamine nitrogen equals 40 per cent of the a-amino nitrogen. 

The fact that so much of the a-amino nitrogen circulating in mammalian 
plasma is in the form of glutamine points to this compound as an important 
one in intermediary metabolism of nitrogen. That it is the chief source of 
urinary ammonia in dogs has been demonstrated (10). 

Spontaneous hydrolysis of the labile amide nitrogen of glutamine 
accounts for a part of the ‘‘y’’ ammonia which Conway observed (14) was 
formed in plasma in vitro. In this connection it is interesting to note that 
Conway observed that the amount of phosphate liberated on incubation of 
rabbit plasma was insufficient to account for the NH;-N liberated if this 
were derived from adenosine after dephosphorylation of vegetable adenylic 
acid. He observed in human plasma in vitro, at room temperature, a 
production of 0.14 mg. of NH;-N per 100 ec. in 1 day. 


SUMMARY 


An enzymatic method for the determination of glutamine is described. 
The method is specific for glutamine in the absence of purine nucleoside 
derivatives bearing NH: groups. Evidence is presented which indicates 
that the concentration of interfering substances in dog and human plasmas 
is negligible and that the method can be used to determine the concentra- 
tion of glutamine in plasma. 

Two analytical procedures are described. In the “‘filtrate’’ procedure 
the proteins are removed from the digest and the ammonia in the filtrate 
is determined with Nessler’s solution. In the “distillation” procedure the 
ammonia is distilled at 38-42° in vacuo and the distillate is nesslerized. The 
distillation method is the more accurate. 

The glutamine values obtained by the enzymatic method indicate a 
range of glutamine amide nitrogen content from 0.6 to 1.0 mg. per 100 ce. 
or from 6 to 10 mg. of glutamine per 100 cc. of normal human plasma. 
Values down to 0.2 mg. were obtained in pathological plasma. In dogs 
the values in systemic plasma ranged from 7 to 13 mg. of glutamine per 
100 cc. Glutamine was measured also in synovial fluid, and dialysates of 
chicken egg whites and yolks. 


The author wishes to acknowledge his debt to Dr. D. D. Van Slyke for 
many helpful suggestions, to Mr. J. A. Plazin for technical assistance, to 
Dr. P. B. Hamilton for some of the ninhydrin analyses recorded, and to 
Dr. R. A. Phillips for help in procuring dog blood and kidneys. 
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PREPARATION AND ASSAY OF GLUTAMINASE 
FOR GLUTAMINE DETERMINATIONS 


By REGINALD M. ARCHIBALD* 
(From the Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, May 16, 1944) 


Krebs (1) demonstrated that the cortex of kidneys of the sheep, guinea 
pig, pig, and rabbit contained an enzyme, glutaminase, which hydrolyzed 
glutamine to ammonia and glutamic acid. The present paper describes 
the preparation and standardization of kidney glutaminase in a form which 
makes the enzyme readily applicable for microestimation of glutamine in 
blood and various other biological materials. 


I. PREPARATION OF GLUTAMINASE EMULSION 


Procedure 


Dog kidneys provide a glutaminase preparation which is more active 
and specific than beef kidneys. Beef kidneys nevertheless yield a prepara- 
tion which gives satisfactory results' and can be used if dog kidneys are not 
available. 

The kidneys are stripped free of perirenal fat and capsules and emulsified 
with 3 parts of an ice-cold solution of 0.04 m KCN which has been adjusted 
to pH 7.2 by addition of NaH,POQ,. With amounts of tissue of the order of 
100 gm. the emulsification is most conveniently performed by placing the 
tissue and solution in a Waring blendor and “blending”’ for 5 minutes. An 
alternative procedure preferable with small amounts (5 to 25 gm.) is to 
grind the tissue and solution in a mortar with sand. The fluid part of the 
mixture is strained through a sac of unbleached muslin (fine mesh) to 
remove fibrous connective tissue. Emulsification and straining are done 
in an ice box or a room at 0°. The resulting emulsion is sufficiently homo- 
geneous and if kept at 0° retains adequate activity for 24 hours. In order 
to conduct emulsification, filtration, and dialysis at or near 0°, the kidney, 
cyanide solution, and apparatus including the blendor or mortar are cooled 


to 0° before use. 
The portion of emulsion to be used at once is placed in a Visking cellulose* 


* Fellow of the National Research Council, Division of Medical Sciences. 

1 The enzyme is present in normal human kidneys but it is either present in smaller 
amounts or absent in kidneys of patients who have died of chronic nephritis or nephro- 
sis, or who have had arteriosclerotic disease involving the kidneys. The concen- 
tration of enzyme in a number of human kidneys will be reported in detail elsewhere. 

*Supplied by the Visking Corporation, 6735 West 65th Street, Chicago, Illinois. 
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sausage casing (No. 27/32 Nojax) and is shaken vigorously for 2 hours at 0° 
in a vessel containing 2.5 liters of 0.04 am KCN (6.5 gm. of KCN) which has 
had its pH adjusted to 7.2 by the addition of 150 cc. of molar NaH,PQ,. 


Notes on the Preparation 
Whole dog kidneys stored frozen in solid CO, retain their activity for 
more than a year. Stored at 3° they retain adequate activity for several 
days. The extract, however, loses an appreciable part of its activity daily 
when stored either at 3° or in the frozen state. Hence when small amounts 
of enzyme of maximum activity are required for analyses at intervals of 


days or weeks, it is advisable to keep as stock source of the enzyme a dog | 


kidney frozen fresh and preserved in solid CO,. Small amounts, 5 to 10 
gm., are broken off with a hammer as needed and extracted as described 
above. For these amounts the mortar and pestle are better suited than the 
Waring blendor. 

The blank for preformed ammonia in this enzyme preparation increases 
more slowly in the presence of cyanide than in its absence. Nevertheless 
ammonia is produced even in the dialyzed, cyanide-treated kidney prepara- 
tions at ice box temperature, and more rapidly at room temperature, or 
38°. Hence to obtain minimum blank values, dialysis of the enzyme 
preparation should be stopped not more than 20 minutes before the start 
of the incubation. 

A high percentage of the glutaminase in kidney adheres tenaciously to 
cellular components insoluble in ordinary extractives. This is especially 
true of beef kidney; 0.8 per cent NaCl solution is the best extractive so far 
found. In a single instance, seven times repeated freezing (chilling to 
—70°) and thawing rendered the enzyme almost completely extractable 
from insoluble débris, but attempts to repeat this under conditions which 
appeared identical have been fruitless. 

Attempts have been made to concentrate the enzyme by isoelectric 
precipitation, fractional precipitation with acetone at 0°, and with safranine, 
but as yet, in the most active fractions, the ratio of enzyme to protein has 
not been increased appreciably. 

Consequently attention has been devoted to obtaining an enzyme reagent 
which was specific for glutamine, and was sufficiently active to complete 
the hydrolysis of glutamine in a short time. To this end means were sought 
to activate the glutaminase, and to inhibit other enzyme systems present 
which were capable either of liberating ammonia from sources other than 


the amide group of glutamine, or of causing the disappearance of ammonia | 


liberated by action of the glutaminase. 
Blanks are diminished by removal of diffusible extracts by means of 
dialysis and by addition of cyanide. Cyanide serves also to augment the 
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activity of the glutaminase and to depress the liberation of ammonia from 
asparagine and from a-amino groups. By the use of pH 7.2 for action of 
the glutaminase, approximately maximum activity is obtained. 

A commercial enzyme mixture, Polidase 8S,’ may for some purposes 
provide a convenient preparation of glutaminase. It is a stable, powdered 
enzyme mixture which contains both glutaminase and adenosine deaminase, 
but is free from asparaginase. When freed of ammonium ion by dialysis 
against 0.04 m KCN, it is a suitable preparation to use for glutamine 
determination in the presence of relatively high concentrations of aspara- 
gine. Owing to the high proteinase, phosphatase, and adenosine deaminase 
content, it is not suited to analysis for free glutamine in material containing 
proteins, adenosine, or phosphate derivatives of adenosine. 

Because certain plants synthesize glutamine, Vickery et al. (2) have 
postulated that the roots of these plants contain glutaminase. An enzyme 
capable of liberating ammonia from glutamine even in the presence of 0.01 
mu KCN has been demonstrated in the roots of plants which store fixed 
nitrogen as free glutamine. The concentration of this glutaminase is 
increased when the soil in which the plants are grown is dressed with 
ammonium salt (data to be reported later). Work is under way which it 
is hoped may lead to the preparation of glutaminase free from enzymes 
which deaminate purine nucleosides and their derivatives, so that the enzy- 
matic determination of glutamine will not be limited to plasma and other 


nucleoside-free material. 


Il. ASSAY OF GLUTAMINASE ACTIVITY 


Use is made of the principle that the time required for action by an 
enzyme on a given amount of substrate is inversely proportional to the 
amount of active enzyme present (3). The amount of product formed is 
constant at the moment of the significant measurement; hence the effect 
of products as a variable is cancelled. The following procedure is designed 
to use minimal amounts of the expensive glutamine. 


Apparatus 


Water bath 38°. 

Spectrophotometer or colorimeter. 

Apparatus for microdetermination of ammonia previously described (4). 

Reagents— 

The molar phosphate buffer, pH 7.2, borate buffer, pH 10.0, 0.04 n H2SO,, 
antifoam 0.04 m KCN adjusted to pH 7.2, Nessler’s reagent, and standard 
ammonium sulfate solution as described in the accompanying paper (5). 


*The Polidase S is prepared by the Schwarz Laboratories, Inc., 202 East 44th 


Street, New York. 
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Glutamine, 0.0025 m solution. Weigh out between 3.4 and 4.0 mg. of 
glutamine. Dissolve this in a volume of water such that there are 10 ce, 
of solution for 3.654 mg. of glutamine. The cc. of water used will be 2.74 
times the number of mg. of glutamine weighed. 

Bromosulfalein,* 0.1 per cent solution, or quinone, 0.01 per cent aqueous 
solution. Quinone distils over with the ammonia, and if used in larger 
quantities than recommended interferes with the nesslerization. Bromo- 
sulfalein, however, may be used in higher concentrations if desired. 


Assay Procedure 


The 25 per cent dialyzed emulsion obtained by the procedure described 
above is diluted with 4 volumes of the 0.04 m KCN solution of pH 7.2. 

Into each of seven test-tubes measure, in the following order, 0.5 ce. of 
the molar phosphate of pH 7.2, 1.0 ec. of the 2.5 mm glutamine solution, 
and 0.5 cc. of the 5 per cent glutaminase solution. All solutions are brought 
to 38° before they are added, and the tubes are kept at 38°. At intervals 
of 2, 5, 10, 15, 20, and 30 minutes the action of the enzyme in the respective 
tubes is stopped by addition of 1 cc. of either the bromosulfalein or quinone 
solution. A blank is included in which the glutamine solution is replaced 
by water. The blank is incubated for 15 minutes. As soon as the enzyme 
action in each tube is stopped, the tube is stoppered and immersed in ice 
water, and kept there until the ammonia is distilled. If it is necessary or 
convenient to store the tubes for more than 2 hours before distillation, 
they should be placed in solid CO, instead of in ice water. The chilling is 
to retard spontaneous evolution of ammonia from the glutamine left 
unchanged by the enzyme and the catalytic breakdown of amide groups of 
protein by the bromosulfalein. The contents of each tube are washed with 
2 cc. of water into the micro ammonia apparatus (4), 2 cc. of borate buffer 
are added, and the ammonia is distilled, nesslerized, and measured against 
standards containing 0 to 0.07 mg. of NH;-N as described in the accompany- 
ing paper ((5) Procedure B). 


Calculation of Glutaminase Units 


The results are plotted on coordinate paper, mg. of NHs-N as ordinates 
and minutes as abscissa. By interpolation, the number of minutes is 
ascertained which are required to form 0.01 mg. of ammonia nitrogen. 
The units of glutaminase present in the 0.5 cc. sample of 5 per cent kidney 
emulsion are calculated as 


10 
Units glutaminase = —————— - ~ 
e min. to form 0.01 mg. NH;-N 


‘Supplied as a 5 per cent aqueous solution by Hynson, Westcott and Dunning, 
Inc., Baltimore, Maryland. 





-— re ag ine 


ger 
no- 


ed 





R. M. ARCHIBALD 661 


An example is given in Fig. 1. In the case of this enzyme preparation 
7.0 minutes were required to form 0.01 mg. of NH;-N. The 0.5 cc. of 
preparation therefore contained 10/7 = 1.43 units of glutaminase. 

The unit as defined above is the amount of glutaminase that will liberate 
0.01 mg. of NH;-N from glutamine in 10 minutes under the conditions 
prescribed for the determination. 

The glutaminase per cc. of undiluted 25 per cent emulsion is 10 times the 
amount found by the above procedure in 0.5 cc. of the 5 per cent emulsion. 

A slightly less accurate but simpler procedure requiring only a single 
incubation period can be followed when only approximate values for activity 
are required or when only weak preparations of glutaminase are available 
for assay. The sample and blank are made up and incubated as outlined 


above for 15 minutes. From Fig. 1 read the point on the abscissa corre- 





Fic. 1. Graph of ammonia formation in assay of glutaminase 


sponding to the number of mg. of amide N split in 15 minutes. Assuming 
that there is inappreciable loss of enzyme activity during the 15 minutes, 
the time reading on the abscissa will be directly proportional to the enzyme 
activity. For example, if 0.005 mg. of amide N is split in 15 minutes, the 
corresponding point on the abscissa of Fig. 1 for a preparation containing 
2.86 units per cc. reads 3.4 minutes. The strength of the tested sample is 
therefore 2.86 X 3.4/15 = 0.65 unit per cc. For very active preparations 
shorter incubation periods should be used. 


Ill. EFFECT OF PH ON ACTIVITY OF GLUTAMINASE 
Mixtures were prepared as described for assay of the glutaminase, except 
that, by addition of varying amounts of molar NaH,PO, or K,;HPO, 


solution, the pH was varied between 5.3 and 8.6. The pH determinations 
of the mixtures were made in a glass electrode with unincubated mixtures 
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made up in the same way. All digestions were run for 10 minutes. Blank 
corrections for the amount of ammonia liberated at these pH values from 
glutamine and from the kidney extract were obtained from separate curves 
prepared in the same way except that in one case cyanide replaced kidney 
extract, and in the other water replaced glutamine. 

A similar series was run, with the difference that KCN was omitted from 
the mixtures. The results are given in Fig. 2. They indicate maximal 
activity at pH 7.5 and a plateau from pH 7.0 to 8.3 over which activity 
exceeds 90 per cent of the maximal. Below pH 6.0 activity is zero. The 
results agree, in general, with those obtained by Krebs (1) with sheep 
kidney and guinea pig liver glutaminase acting in the absence of cyanide, 
Data obtained from several different preparations suggest, as do those 
reported in Fig. 2 and by Krebs (1) with sheep kidney, that there are two 
kidney glutaminases with different pH optima. 


nide N hyd ~olyzed 
. = 


Ma. amide 


Fig. 2. Effect of pH on activity of glutaminase 


It will be noted from Fig. 2 that the addition of KCN increased, only 
slightly, the activity of the enzyme. In this case the enzyme was prepared 
from kidney which had been stored in solid CO, for 4 months. 

IV. SPECIFICITY OF KIDNEY GLUTAMINASE AND ITS ENHANCEMENT BY KCN 

Despite the fact that Krebs (6) reports that ground kidney preparations 
contain no l-amino acid deaminase, some of our fresh glutaminase prepara- 
tions, in the absence of cyanide, produced ammonia from a-NH, groups of 
l-amino acids, including glutamine. Besides this ability to produce 
ammonia from a-N H, groups, some fresh preparations of kidney (especially 
of beef kidney) liberated large amounts of ammonia from asparagine, pre- 
sumably from the amide group through the action of asparaginase. 

Whatever the source of the ammonia from asparagine, the addition of 
KCN to a concentration of 0.0025 m in the digestion mixture decreased the 
ammonia formation from asparagine to 35 per cent of the rate in the 
absence of KCN in the case of dog kidney, and to 65 per cent in the case of 
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beef kidney. This same concentration of cyanide decreased the liberation 
of ammonia from “amigen”’ (casein hydrolysate) to 15 per cent of the rate 
in the absence of KCN in the case of fresh beef kidney preparations and to 
5 per cent in the case of fresh dog kidney preparations. 

On the other hand, the glutamine-hydrolase activity of fresh kidney is 
either enhanced or stabilized, or both, by the presence of 0.0025 m KCN. 
In one instance the ammonia liberated from 0.0025 m solution of glutamine 
in 1 hour was increased 2-fold with fresh beef kidney and 7-fold with fresh 
dog kidney preparations by the presence of 0.0025 mM KCN. The presence 
of this concentration of cyanide reduces the action of kidney extracts on 
a-NH, groups to insignificant levels. Ammonia formation in appreciable 
amounts is then restricted (in the case of aliphatic compounds) to the amide 
group of glutamine. Under the conditions for glutamine determination 
outlined in the accompanying paper (5) no appreciable amount of ammonia 
is liberated by the extract of dog kidney from asparagine, amino acid 
mixtures (casein hydrolysate), or glutamic acid, proline, lysine, ornithine, 
arginine, urea, glycocyamine, creatinine, creatine, guanidine, guanine, 
adenine, uracil, cytosine, thymine, nucleic acids (yeast or thymus), yeast 
adenylic’ or muscle adenylic acids,® vicine, inosine, uric acid, allantoin, 
glucosamine, glutathione, thiamine, nicotinamide, or nicotinamide nucleo- 
side.6 The only ammonia-yielding substrates’ other than glutamine so far 


5 The slow but continuous liberation of small amounts of ammonia when kidney 
suspension acts upon either muscle or yeast adenylic acids and the similarity of 
rate of ammonia production in the two cases suggest that the kidney phosphatase acts 
a reaction which is retarded by 


on the adenylic acids to liberate adenosine 
the cyanide and the high concentration of phosphate present (7)) and that the adeno- 
sine is then deaminated. 

6 Dr. Schlenk (8) kindly supplied us with samples of codehydrogenase I and nico- 
tinamide nucleoside. The latter preparation (70 to 80 per cent pure) liberated small 
amounts of ammonia in the presence of the enzyme preparation. However, this 
ammonia was believed to arise from some of the precursor, codehydrogenase I or 
muscle adenylic acid in the nucleoside preparation, since prolongation of the incuba- 
tion period resulted in a marked decrease in the rate of ammonia formation. Alter- 
natively, this fall in rate could be due to the presence in the kidney extract of an 
enzyme which hydrolyzed the nicotinamide from the carbohydrate and thereby 
diminished the substrate available for deamination. 

7 Krebs reported (1) that phenacetylglutamine and benzoylglutamine are not at- 
tacked by kidney extract. He states that glutaminylglycine and glutaminylglutamic 
acid yielded no ammonia in the presence of rat brain glutaminase, but that isoglu- 
tamine was hydrolyzed slowly. 

In the presence of the glutaminase preparation the only available sample of dl- 
citrulline in our hands liberated small amounts of ammonia at a slow but almost con- 
stant rate. When 10 mg. of citrulline were present in 2 cc. of digestion mixture under 
the conditions of analysis outlined above, 2.4 per cent of one nitrogen was split off 
as ammonia in 2 hours, and 6 per cent in8 hours. Even if the rate of this hydrolysis 
were doubled when the substrate was purely a levo isomer, inappreciable amounts 
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encountered are codehydrogenase I* and the two purine nucleosides bearing 
NH, groups; viz., adenosine and guanosine. Vicine, which is a nucleoside 
of the pyrimidine, divicine, and glucose, is not deaminated, although it 
bears two amino groups. The fact that cyanide extract of kidney, used 
as glutaminase, liberates ammonia from amino purine nucleosides and from 
codehydrogenase I does not disqualify the extract as a reagent for determin- 
ing glutamine in plasma, because the concentrations of adenosine or its 
derivatives in plasma are very small compared to the concentration of 
glutamine. Spectrophotometric transmittance measurements with light of 
wave-length between 230 and 300 mu on dialysates of dog and human 
plasma obtained by the technique of Hamilton and Archibald (9) indicate 
a maximum possible total concentration of adenosine, adenylic acids, 


TaBie I 


Action of 0.5 Cc. of 25 Per Cent Suspension of Dog Kidney (Dialyzed in 0.04 um KCN) 
+08 Ce. of Molar sane ra of pH 7.2 +1 1. 0Ce. of Substrate 








NH:-N liberated as per cent of one N of 





Substrate ——s subetrate 
| incubated 5: haere om @icer+- seas rete Wares. 
; ay thr. | 2hrs. 4 hrs. 

meg. 
Glutamine. . 0.7633 100 100 100 100 
Asparagine... 1.359 | ioe oe 
Muscle adenylic acid 1.319 10.5 18.0 
Yeast 7 oy 1.325 | | 8.2 11.4 | 
Adenosine | 0.6937 | 99 | 100 100 
Guanosine 0.6711 4.1 8.2 21.4 53.7 
Nicotinamide nucleoside 75% pure} 0.49 4.8 
Codehydrogenase I 85% pure.. 0.611 | 8.9 14.8 43.4 


Amign (casein myeretyente) aes 1.78 | 0.52* 








. Per cent of total nitrogen. 


adenosine triphosphate and diphosphate, and codehydrogenase I of less 
than 4 X 10~* m or the equivalent of less than 0.06 mg. of ammonia N per 
100 ce. a plasms. Dr. Herman Kalckar has studied the decrease i in this 








of ammonia (less than 0.01 mg. per 100 cc. of plasma) would be set free from the low 
concentrations of citrulline (0.3 to 1.5 mg.) normally present in plasma (Archibald, 
unpublished). 

The observation, however, is of interest in view of the similarity of structure of 
glutamine and citrulline; the CH, adjacent to the acid amide group in glutamine is 
replaced by —CH,-CH;- NH— in citrulline. As with glutamine, the enzymatic liber- 
ation of ammonia from citrulline is slower if the 0.01 m KCN is omitted from the digest. 
In one instance the rate of liberation of ammonia from citrulline was 25 per cent less 
when KCN was omitted. The action of preparations of glutaminase on citrulline is 
of interest in connection with the disputed réle of glutamine in urea synthesis. The 
hydrolysis of citrulline by preparations of liver glutaminase is also being investigated. 
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absorption on treatment of dog plasma filtrates with phosphatase plus 
adenosine deaminase and concludes that there is less than 0.3 mg. of 
adenylic acid per 100 cc. of plasma. If all of this were deaminated by the 
enzyme, the ammonia resulting therefrom would be less than 1.5 per cent 
of the amide N found in plasmas. Furthermore, there is sufficient adeno- 
sine deaminase in plasma (6) (especially in slightly hemolyzed plasma) to 
destroy adenosine were it present, whereas we have been unable to find 
glutaminase in plasma. 

The relative rates of liberation of ammonia nitrogen from several nitrog- 
enous substances are given in Table I. In the experiments tabulated 


TaBie II 


Action of 2 Cc. of Heparinized Dog Plasma on 1 Cc. of Substrate in Presence of 0.6 Cc. 
of Molar PO,, pH 7.2, and 0.6 Cc. of 0.04 ua KCN 








Sabet | ghey | NETILTRYSEY | gata eek 
C 5 per hr. 
meg. me. per cent 
ine... dee W dbs ks ss Odddhd 0.7633 0.0001 0 
Asparagine 1.359 0.0001 0 
Muscle adenylic aci 1.319 0.0015 2.9 
Yeast " " abide 1.325 0.0013 2.5 
Adenosine 0.6937 0.0054 14.9 
Guanosine 0.6711 0.0016 5.4 
Amigen (casein hydrolysate) . 1.788 0.0000 0 
Plasma without substrate. .. 0.0015* 





* Not corrected for the 0.0004 mg. of NH;-N resulting from spontaneous break- 
down of glutamine. 


the technique described for assay of glutaminase activity was employed, 
with the listed substrates substituted for glutamine. 

Table II shows the effect of incubating several of these substances with 
plasma under the conditions outlined for the use of the kidney preparation 
for the analysis of glutamine in plasma. The absence of glutaminase, 
asparaginase, and a-amino acid deaminase from plasma is apparent. The 
presence of nucleoside deaminase and of either phosphatase or nucleotide 
deaminase is apparent. 


V. INHIBITORS OF GLUTAMINASE 


The effect of various inhibitors on the action of glutaminase (15 minutes 
at 38° at pH 7.2) was observed in a mixture made up of the following con- 
stituents: 0.5 cc. of 5 per cent dialyzed suspension of kidney in 0.04 m KCN 
of pH 7.2; 0.5 cc. of molar phosphate, pH 7.2; 1 cc. of 0.0025 m glutamine; 








666 GLUTAMINASE 


1 ec. of inhibitor solution. In the case of the control analysis, 1 cc. of 
water replaced the inhibitor solution. The concentration of inhibitors 
and percentage decreases in enzyme activity observed at pH 7.2 are recorded 


in Table III. 

The author wishes to thank Dr. L. Michaelis and Dr. 8. Granick for 
assistance in determining the ultraviolet transmittance curves of plasma 
dialysates. 


Taste III 
Inhibition of Glutaminase Activity at pH 7.2 


Inhibitor Concentration of inhibitor Inhibition of 
in digestion mixture glutaminase 
per cent M per ceni 

p-Benzoquinone 0.0013 0.00014 73 
0.00013 0.000014 12 
Bromosulfalein (disodium sulfonate of phe-| 0.17 0.002 100 
noltetrabromophthalein) 0.017 0.0002 90 
0.0017 0.00002 14 
Atabrine (3-chloro-7-methoxy-9-(l-methyl-4-| 0.33 0.0093 100 
diethylamino) -butylaminoacridine) 0.033 0.00093 60 
Synthetic vitamin K (2-methyl-1,4-naphtho-| 0.10 0.0036 0 


hydroquinone 3-sodium sulfonate) 


SUMMARY 


A procedure is described for the preparation from kidneys of a glutam- 
inase extract which liberates ammonia quantitatively from the acid 
amide group of glutamine and which is sufficiently active and specific for 
use as an analytical reagent to determine glutamine in blood plasma. 

Addition of potassium cyanide has been found to enhance the activity 
of the glutaminase and to retard the liberation of ammonia from asparagine 
and the action of a-deaminase. 

The optimum pH of the dog kidney glutaminase is at 7.5. From pH 
7.0 to 8.3 the activity exceeds 90 per cent of the maximal. The enzyme’s 
action is entirely inhibited at pH below 6. 

A procedure for assaying glutaminase activity is described, based on the 
inverse relation between activity of enzyme and time required to decom- 
pose a given amount of substrate. 
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AN APPARATUS FOR THE DETERMINATION OF THE 
GASEOUS METABOLISM OF SURVIVING TISSUES IN 
VITRO AT HIGH PRESSURES OF OXYGEN* 


By WILLIAM C. STADIE ann BENJAMIN C. RIGGS 


From the John Herr Musser Department of Research Medicine, University of 
° Pennsylvania, Philadelphia) 


Received for publication, May 10, 1944) 


The authors have recently reviewed (1) a relatively old problem, oxygen 
poisoning, which was first discovered by Paul Bert in 1875, but which has 
received only scattered attention until the present war brought it once more 
into prominence. Experimental studies of the biochemistry of the phe- 
nomenon required a method whereby the gaseous metabolism of isolated 
surviving tissues or their separate enzymatic components could be studied 
under pressures of oxygen greater than 1 atmosphere. ‘The present paper 
describes what has proved to be a successful apparatus and technique for 
this purpose. Because the problem has not, we believe, been extensively 
investigated from this point of view (with the exceptions mentioned below), 
the apparatus and method involve a number of new and unique problems, 
and are therefore presented in considerable detail. Actual experimental re- 
sults will be reserved for subsequent papers. The basis of the technique is 
the familiar Warburg method for the manometric study of gaseous meta- 
bolism, subject to the modifications which the special condition of high 
pressure makes necessary. We have been unable to find in the literature 
any descriptions of apparatus designed to accomplish the present purpose 
with the sole exception of that of Libbrecht and Massart (2). They con- 
structed a pressure chamber to contain a manometric apparatus of the War- 
burg type. Small motors in the pressure chamber controlled from outside 
performed the necessary manipulations of the Warburg apparatus. To 
prevent, burning out the motors, the chamber was filled with nitrogen at 
high pressure, but the respiratory vessels proper, being connected to small 
balloons containing oxygen, were filled at high pressure (5 atmospheres) 
upon elevation of the pressure in the chamber. No other details are fur- 
nished by the authors and apparently only one series of reported experi- 
ments appeared in the literature, those on the action of oxygen on succinoxi- 


dase. These have been discussed by the present authors (1). 


*'The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Pennsylvania. Permission for publication 
granted by the Office of Scientific Research and Development. 
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Pressure Chamber 


‘| he apparatus Vig. | consists essentially ora evlindri il tee] pre SSuUre 


chamber 32 inche in maxim m diamete I, 53 inche . high Inside ), und ol iip- 


proximately 60 liters capacity, enclosing six Warburg manometers and ves- 


sels so constructed as to allow the necessary manipulations and readings to 
be made from the outside, while constant temperature and pressure are 
maintained within. 


1 


lig. | shows the main features of construction, and for purposes of esti- 
mation of dimensions, is drawn to seale. It is not proposed to give all de- 
tailed measurements and specifications in the present paper, since these are 
best worked out to meet individual requirements. ‘The walls of the main 
shell are 2 inch steel, with 4 inch welded flanges and bottom, and a bolted, 
removable | inch top. Six evenly spaced vertical windows of ¢ inch 
Plexiglas provide easy reading of the manometers, and a seventh similar 
window, mid Vir\ between two of the others, is used to re id the pressure 
rage and thermom«e ter. Ample light is supplied by i 300 watt floodlight 


h Plexiglas, in the 


placed 18 inches above a 4 inch circular window of } in 
top. In practice, the depression made by mounting this circular window in- 
ide the top is filled with water in order to prevent local heating of the plastie 
by radiation from the lamp, with consequent loss of tensile strength. 

\ number of openings [ol the entrance of movable shafts from the out- 
side are provided, and are made gas- or water-tight as the case may be. 
The upper two stop-cock controls (// and /2 in Fig. 1) are made gas-tight 
by single composition stuffing boxes known as Garlock ‘‘closures.”’ This 


type ol seal makes motion of the control shafts reasonably easy when lu- 


bricated with a water suspension ol graphite. In order to avoid accidental 
shifting of the stop cocks while the manometers are iy ing shake n, these 
upper controls are disengaged by sliding outward when not in use. The 


pressure outward on these is approximately 45 pounds at 8 atmospheres, 
and so it was found necessary to lock them in place by means of a pivoted 
bar. The lower controls (used to compress the rubber tubing at the lower 
end of the manometers), /3 in Fig. 1, together with the shaft transmitting 
powel! to the shaking mechanism and that used to pro ice stirring, are all 
under water, and are made pressure-tight by a graphite packing shown mm 
the case of the stirrer in Fig. 3. The composition closures were found to be 
adversely affected by water, so that they deteriorated 1 upidly. 

Of available transparent plastics, Plexiglas was found to possess the re- 
quisite physical properties for the purpose. Based on data from the manu- 
facturers, the calculated maximum stresses pro\ ide factors of safety of 10 
on the vertical windows and 4 on the upper window, at 38° and 8 atmo- 


spheres absolute. ‘The mounting is a matter of importance in salety and 








ol 


be 


\) 





W. C. STADIE AND B. C. RIGGS 671 


20 
_ 19 
O 
| Nee fer reece, 
- 18 ® ¢ =k . 
Se ee ey . 
< 
{ Lam {1 
VA) 8, Fp 
4 { Pe a 12 
i ee De | 
! 9 — 
| | ” . Whos) 





St 


—S 
— 

,¢ 
eerrrrd ¢ 
“e 

i 

‘ 

' 

> 


wvwwworwuw ew rrerre 





. : 8 fo; |i 
‘ “5% " 
r 4 -) 


4 2) || aay y 





O 


~~~ 
yas asses, 
.—% 
——— 
Y 
Ber 
Ss) 





&™. 16 ° 
—s = s 21 
a . , . ; t, J ie 
p °° sas} 
? j 
\? 4 \ 
? J U q 
f 
Fy . = erspe e dr ng of the high pressure chamber 1, main shell; 
? upper section ¢ hel } removable top; 4, Plexiglas windows; 4, bottom of shell; 
6, vert Li i mersion fe ter; 7, stirring propeiler § shalt, connec ing bars, and piv- 
oted holders for mounting d shaking the manometers;9, brass cups mounted in the 
bott lor tive ipport of the lower ends of manometer tral es; 10, compensating vessel 
mounted in} ef 1] 1? and J3. manu lly rotated stop-cor k und manometer fluid 
level cor 14, the rmoregul itor: 14, part of one manon ever seen in pl ice through 
its window: 16. control box for all electrical circuits; 17, A.c. and p.c. power supplies; 


18, oxygen inlet pipe; 19, auxiliary inlet and outlet pipes for flushing, ete.; 20, swivel 


davit supporting wire rope hoist ove! ball be iring sheaves to worm-geul h und winch 


behind ay paratus (not shown); 21, water connection tol filling und emptying chamber. 
The water level is just below the flange supporting the shaking apparatus, 8 


durability, and consists in all cases of } inch steel retaining lates held by 


i inch bolts, the Plexiglas being drilled for full clearance and sealed with 
4. inch rubber gaskets. To prevent crazing and maintain clear visibility, 
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the Pl ‘xiglas surfaces are washed with soap and vater and finished with 
WAX al weekly intervals. 

Other essential features of the construction are apparent Irom | ig. l or 
are treated in detail below. Not shown in the diagram is a subsidiary con- 
nection of the water inlet to a hydraulic pressure tester. ‘To minimize the 


possibility of blowouts in work with the gas under pressure, the apparatus 
is tested weekly. For this purpose, all glass apparatus is removed and the 
chamber filled completely with water at 115 to 125 pounds pressure for 15 
minutes. 

Temperature Maintenance 

\ semipictorial diagram of the heating unit is given in Fig. 2. Heat is 
supplied by a long, double element, vertical immersion heater (#7; and H,), 
with a maximum capacity of 600 watts. S, is a mercury contact relay, 
normally closed. Its coil is activated through a sensitive p.c. relay, 8, 
normally open), through the thermoregulator, 7. &. In the normal posi- 
tion, the heaters are connected in parallel through a variable resistor, 2. 
When temperature is reached, S, closes, opening S; and reducing the heat to 
that supplied by H, alone. The maximum and minimum heat requirements 
were established by measuring the radiation of the apparatus at average 
room temperature and allowing variation either side. This arrangement 
was found preferable to a simple, all or none circuit with fixed heat input 
because of the lag encountered in the thermoregulator. The variable R, 
is used to vary the total heat input. This was found to be a fairly critical 
adjustment, since the rate of radiation varies as the fourth power of the 
room temperature. 

The thermoregulator (7. R., Fig. 2) depends upon the relation between 
vapor tension of acetone and temperature. Acetone was chosen because 
ot common, easily obtained substances, with boiling points below 38 ; it 
shows the greatest change in vapor tension per °C. at 38°, amounting to 
14 mm. of Hg. Ether, with a change of vapor pressure of about 29 mm. 
per C., has the disadvantage that it requires a superimposed pressure of 
130 mm. of Hg above atmospheric to maintain it in liquid state. The ace- 
tone, floated on mercury in a thick walled spherical bulb of about 50 ce. 
capacity within the chamber, transmits its pressure to a column of mer- 
cury outside of 1 mm. diameter (17. C., Fig. 2). The large ratio of volume 
hetween bulb and column renders the volume change negligible, allowing 
maximum sensitivity. ‘The shape and wall thickness of the bulb reduce 
transmission of the high pressure in the chamber to a negligible minimum. 
The lag thus occasioned does not decrease appreciably the accuracy of regu- 
lation. The mercury column is outside the pressure chamber and is easily 


adjustable. 
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At 8 atmospheres, the thin walled bulb of the standard thermometer is 
sufficiently compressed to give a positive error of 0.5°.. This difficulty was 
solved by the use of a sealed mercury jacket, as shown to the left in Fig. 2 
(T.M.). The thick wall of the surrounding tube prevents transmission of 
the pressure through the mercury jacket, and the air space above prevents 
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Fic. 2. Semipictorial diagram of the heating unit wiring, thermoregulator, and 
thermometer assembly. The parts are not drawn to scale. For the symbols used, 
see the text. 


its transmission by distortion of the rubber stopper. The increase in lag 
resulting from this arrangement does not interfere with accurate adjust- 
ment. 

At first sight, the problem of stirring would not seem of great consequence 
but in practice it beeame complicated. A vertical shaft in the bottom of the 
tank was dictated by reasons of space and efficiency. <A simple belt drive 














674 GASEOUS METABOLISM AT HIGH Og PRESSURES 
twisted through 90° to a horizontal motor developed mechanical diffi- 


culti \ direct CO ipled. Ve rtieal ceentriiuge motor developed insoluble 


lubrication difficulties in the packing box owing to the high speed necessary, 
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Fiag.3. A of ring unit: B. enlarged orking drawing of the combina 
uffing box and bearing. a, 2 inch brass shaft; 6, brass collar, driven down one, 
graphite packing; d, bottum of main shell; e, steel washer; f, steel shim; g, hex nut; 


h. brass thrust collar. held by two opposing safety set-screws, countersunk in shaft; 


thrust bearing Boston gear (No. 602); m, steel thrust plate, held by three screws; 

radial bearing Boston gear (No. 5368), held by two set-screws placed to avoid 
interferences ith the screws of » silver-soldered joints. The unlabeled parts of 
the fram«e re steel 


causing ultimate overloading of the motor, and a proper gear reduction unit 


vas impossible to obtain. The final design has proved so satisfactory that 


pecause ol the problems met in its development it is considered worth pre- 


senting in detail. 
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Fig. 3 shows tl 


e construction of the stirrer transmission, and should be 
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largely self-explanatory. Section A shows the whole assembly, while 
section B gives the constructional details of the combination bearing and 
stuffing box. ‘To obtain quiet operation, the } horse power, single phase 
,.c. driving motor is mounted on steel legs with rubber washers between the 
motor and legs and between the legs and the floor. In addition, } inch 
leather belting was cemented with a 2 inch lap to give a continuous belt. 
The flat, § inch steel strip used to mount the idlers afforded sufficient spring 
to maintain proper belt tension. Leakage is held to an occasional drop by 
graphite packing. The bearing is thoroughly lubricated every 20 to 30 
hours of operation with light grease. The four-bladed propeller is 43 
inches in diameter, with a 53 inch pitch, driving upward at 500 R.P.M. 
The resultant water circulation is well above the minimum required. 
Both shaft and propeller are built of brass. 

As indicated in Fig. 1, the chamber is filled to about five-sixths capacity 
with tap water through a valve-equipped inlet in the bottom. The volume 
of oxygen under pressure is hence relatively small, thus diminishing the ex- 
plosive force in case of an accidental blowout of any part of the apparatus. 
All the Warburg apparatus except stop-cocks and certain connections is 
submerged, thus making for easy maintenance of constant temperature, 


within +0.02°. 
Pressure Maintenance 


Oxygen is supplied from a standard 220 eu. ft. cylinder through a manual- 

ly controlled reduction valve and } inch copper tubing to the inlet valve 
18) shown in Fig. 1. Measurement of absolute pressure must be accurate 
to 0.02 atmosphere in 8 for the proper measurement of gas changes in the 
Warburg vessels. (This will be apparent from the discussion of the gaso- 
metric method below.) It was found that standard Bourdon type pressure 
gages are subject to errors in excess of 5 per cent, which prompted develop- 
ment of a simple, accurate gage, shown in Fig. 4, A. 

The construction should be apparent from the figure. Aside from the 
use of a reasonably accurate | ce. pipette of about 2 mm. internal diameter, 
most conveniently graduated by 0.01 ce., none of the dimensions is critical. 
The top of the pipette is cut off 4 to 5 mm. above the zero mark and flared 
slightly to receive a small plug of rubber which is driven in exactly to the 
zro mark. The bottom is cut off 2 to 3 em. below the | ec. mark and in- 
serted in a 2-hole rubber stopper which in turn fits into a short section of 
test-tube. The internal diameter of this short section of a test-tube is so 
large relative to that of the pipette that a considerable rise of mercury 
in the pipette makes an inappreciable difference of level in the test- 
tube (b, Fig. 4). The relation between the length of the markings on 
the pipette and the volumes as marked, 7.e. mm. per cc., is determined. 
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The gage is filled with sufficient mercury (and a few drops of free water to 
mamtam aqueous Vapor tension ) and its level adjust d before insertion of 


the plug to the Zero mark. 
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Fie. 4. A, absolute pressure gage; B, differential pressure gage (not drawn to 
scale). For the symbols used, see the text. 


Upon introduction of gas the pressure in the chamber is calculated from 
the gage readings as follows (see Fig. 4, A): 

Let P = total pressure in the chamber, in atmospheres; /io = initial hy- 
drostatic pressure in the gage, in atmospheres. This is the sum of two 
factors: (1) the hydrostatic pressure of the water outside the gage; (2) the 
hydrostatic pressure of the mercury in the gage. These are shown as a and 
mo respectively in Fig. 4. 

h = final hydrostatic pressure in the gage, in atmospheres. This is equal 
to ho plus two new factors: (1) A change in level of the mercury in the test- 
tube section with a corresponding increase in the water column a, labeled } 
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in Fig. 4. As has been pointed out above, this is negligible. (2) An in- 
erease in the height of the mercury in the gage pipette, shown as m in the 
diagram. ‘This is clearly not negligible. But since the proportionality be- 
tween the volume readings and the length of the column is easily measured, 
m=k(Vo—V),andh = ho +k (Vo — V). 


= aqueous tension, atmospheres 
Vo = volume of gas in the gage in cc., when P = 1 atmosphere 
V = “< “ “ “ “ “ “ “ at any other pressure 


Then, temperature being constant, 
(Qi+h—w)V, = (P+h— w)V 


Hence, 


i 
P=(1th-w > -h+w 
If we introduce the proportionality between h, Vo, and V, 
V 
P= (1+ hy — w)  — by — k(Vo — V) + w (1) 


In practice, an important simplification is made by adjusting A» equal to 0 
once and for all. Todo this, the original level of the mercury in the pipette 
(mo) is so adjusted before introduction of the rubber plug at the top that its 
hydrostatic pressure just balances that of the water column (a). The gage 
is calibrated as follows: The bath is filled to the proper level at the desired 
temperature (usually 38°) and left open to the atmosphere. P is then de- 
termined from a reading of the barometer, V is simultaneously read, and 
Vo is calculated from Equation 1. It has been found convenient to con- 
struct a graph for other pressures up to 8 atmospheres, relating P to read- 
ings of V. Unless the rubber plug, and hence the setting of ho, is disturbed, 
this graph serves for all time. The pipette can be easily read to an esti- 
mated 0.001 cc., giving calculated pressures to 0.01 atmosphere. 
Differential Pressure Gage—The gas phase of the Warburg system is iso- 
lated from the circumambient atmosphere by closing the stop-cocks when 
the desired pressure is reached; the reasons for and the details of this ar- 
rangement are explained below. However, since stop-cocks blow out and 
not in, leakage at the stop-cocks, which was found otherwise to occur, was 
eliminated by maintaining pressure in the chamber at a slight differential 
pressure of 50 mm., Brodie’s solution, above the pressure in the Warburg 
system. This is done by manual control of the reduction valve on the oxygen 
tank from time to time, as guided by the differential pressure gage shown in 
Fig. 4, B. As in the absolute gage, a 1 ec. pipette of about 2 mm. bore is 
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used to measure changes in volume, but because the original mercury level 
in the absolute gage) is not adjustable, and the 


the side as 


equivalent to the / 
column may fall as well as rise, the mercury reservoir is carried t 
shown. In order to provide a high degree of sensitivity, the volume in the 


age is increased by the auxiliary vessel shown to the right of the pipette) 


fag 

The position of the 3 way stop-cock is dictated by the dimensions of the 
chamber and the available space fora stop cock control passing to the out- 
side, and is shown below the water line only Ol diagrammatic ‘convenience, 


The stop-cock is left open to the circumambient gas until the desired pres- 
sure is reac he and is closed to the position shown on the liagram { the 


ime time as the stop-cocks of the Warburg manometers. 


lhe mathematical calculation of the diffe ential pressure is the same as in 
l P 1 ] +1 
the case of the first gage for the measurement of total pressure, except that 
| is replaced by Po, the initial pressure in the chamber. However, since 


only approximate calculations are needed, second order values m Vy be 


neglected and it is easy to show that the differential pressure is given by the 


a 
AP (Fav) - an 
Vo 


equation, 


where 
' initial pressure in atmospheres 
\P differential pressure, atmospheres 
AV change of volume, ce 
MA = od ’ hydrostatic pressure of mercury in the gage, atm yspheres 


But, as before, there is a proportionality between Ah and the scale readings 


of the e: 2.¢., Al kAV. Hence the above « quation becomes 


pul 


But k is of the order of 0.3 and P»/ Vo» never exceeds 8/100. Hence we may 


neglect the latter, and as a sufficient approximation we obtain 


—AV = = (2) 
k 

Since AP is maintained at about 50 mm. of Brodie’s solution (= 50 X 10 
atmospheres), AV is then about 0.015 ec., an easily readable difference of 
volume from the initial. Since by Equation 2 the readings of the differen- 
tial pressure gage are for practical purposes independent of the total pres- 
sure, it may be calibrated, if desired, as follows: A Warburg manometer 
with vessel is placed in the apparatus, the arm not connected with the vessel 
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being left open to the ambient pressure at some convenient level, e.g. 8 


the | atmospheres. The pressure is then raised or lowered until there is a change 


in level of the manometer fluid of 50 or 100 mm.. and the corresponding 





the change in the differential pressure gage is noted. 
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Fic 5 Sehem tic dt wing of the Warburg apparatus The upper stop-cock M. 
shown in two sections, is actually built in one piece, with a long barrel. When 
av mounted, the rubber tube # at the inferior end of the manometer is compressed at 
will by a simple screw-driven plate. A bar at the outer end of the screw engages the 
prongs of the control shaft, 13 in Fig. 1 V is the main vessel or respirator, and V’ 
is the « npensating vessel For a full discussion, see the text. C. S. S. is the 
) . : . , 
(2) chambered side stop-cock; F. P. is a filter paper cylinder or roll; G. R. is two glass 
tings used to support the paper roll away from the sides of the center well, C. W. 
of 
of | Determination of Gas Exchange in Respirators 
x | Fig. 5 shows diagrammatically the construction of the Warburg respira- 


tors, of which there are six units that can be simultaneously mounted in the 
er pressure chamber. 


Customarily when work is carried out at 1 atmosphere, the temperature 
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being maintained nearly (+0.02°) constant, changes of barometric pres- 
sure and temperature are corrected for by the use of an empty vessel acting 
as a thermobarometer run in parallel with the experimental respirators, 
Such an arrangement at the high pressures of the chamber would be im- 
practicable owing to the fact that relatively large changes in circumambient 
pressure are impossible to avoid, and also to the necessity of maintaining a 
slightly positive pressure in the chamber relative to that in the respirators, 
as outlined above. For this reason, the arm of the manometer not con- 
nected with the respirator is connected with a large compensator (V’) of 
about 1000 ec. capacity by means of the main stop-cock (17, Fig. 5) which 
in the position shown connects the respirator and the compensator with the 
right and left arms of the manometer respectively, thus completely isolating 
them from the circumambient pressure. In practice the two actions are 
accomplished by a turn of 90° of a single stop-cock. In Fig. 5, the single 
stop-cock is divided for schematic purposes. The readings of the manom- 
eter are then unaffected by variations in the ambient pressure of the 
chamber as long as these are not great enough to cause leakage of the stop- 
cock. Furthermore, since temperature is maintained constant at +0.02°, 
the change in absolute amount of gas in each respirator can be measured in 
terms of the change in manometric heights without recourse to the thermo- 
barometer ordinarily used. 

The calculation of the change in gas volume in the respirator is derived 


a- follows: 


V = volume of the respirator to the 150 mark on the manometer corrected for 
the volume of medium, specimen, etc., placed within, ec. 

1’ = jnitial volume of the compensator to within 5 ce. 

P, = “ ambient pressure (respirator and compensator), mm. Brodie’s solu- 
tion 

res any subsequent pressure, respirator and compensator respectively, mm. 
Brodie’s solution 
w = aqueous tension at 38°, mm. Brodie’s solution 
AG change in the absolute amount of gas in the respirator at normal tempera- 


ture and pressure, cc. 4 
d, d’ change in level of the manometer on respirator side, or compensator side, 


respectively, mm. Brodie’s solution 
The sign of d and d’ is determined by the convention, reading (initial) 
minus reading (final) = d (or d’). 
T’ = absolute temperature 
10‘ = 1 atmosphere, mm. Brodie’s solution 
f = 273/T X 10‘, a factor correcting for temperature and converting mm. 
Brodie’s solution to atmospheres 
[t is clear that after a finite period of respiration the amount of gas in the 
respirator changes, while that in the compensator remains unchanged. The 
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volume of gas in the respirator changes by the amount ad, and that in the 
compensator by a corresponding amount ad’ (with due respect to sign). 
The difference in hydrostatic pressure between respirator and compensator 
isobviously (R°, — R°.) —(R, —R,) = (R®°, — R,) — (R°, — R) =d -—d’. 
R° and R are initial and final readings respectively of respirator (r) or com- 
pensator (c). From these considerations, the following primary equations 


arise. 
(P — w) = (P’ — w) + (d —- ad’) 
V’ 
V’ (Po — w) = (V’ + ad’) (P’ — w); hence (P’ — w) = = (Po — w) 
V’ + ad’ 
] 
AG X 7 = V (Py — v) — (V + ad) (P — w) 


By combining and algebraic transformation, 


om ad V’ ad ) 
AG {V < (Po wh} l—{tl+— - +{1+-— } (d-— d’) 
\ V/\V’ + ad’ } 


Since ad’ is small relative to V’, V’/(V’ + ad’) = 1 — (ad’/ V’). More- 
over, a/V is of the order of 10-*. Hence,a/V X (d’ — d) is negligible for 
values of d and d’ in the range of the manometer. The above equation then 


simplifies to 


AG = F,d’' + Fyd (3) 
Where 
F, = ( + = P,) ko, (4) 
Ps = (: t ~ rs) ko. (5) 
| , 
ko, = (273/311) (1/10*)V is the customary constant for the vessel. The 


solubility of oxygen in water is neglected. In measuring CO, the con- 
stant keo, is substituted as in the manner customary for work at 1 atmos- 
phere; viz., keo ko, + AcoS where ago, is the solubility coefficient 
of CO, in ce. per ec. per mm. of Brodie’s solution and S is the volume 
(ee.) of the aqueous phase in the respirator. AG may be converted from 
ec. to microliters or micromoles by multiplying by 1000 or 44.65 re- 
spectively. 

In practice the readings of the manometers are arranged in horizontal 
columns as follows: 
Time 
Reading (compensator side) to nearest mm. 

™ (respirator cdl a 0.1 mm. 
d’ 
Pya! 
Fid 
AG 
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The factors /, and F; are calculated by Equations 4 and 5 from the known 
values of a/V,a/V’,ko,, and Po. The values of a/V and a/V’ are sufficient- 
ly close for a set of manometers, vessels, and compensators to permit use of 
average values. Frequently it is possible by adjustment of the manometer 
fluid to work at constant volume, ¢.e., d = 0, thus simplifying calculations, 
It must be remembered, however, that whereas 1 + (a/V’)Po is of the 
order of 1.2 when the pressure is 8 atmospheres, the value of | + (a/V)P, 
is 9. It is for this reason that d is read to 0.1 mm. and kept as small as 
possible without too much loss of time in the readings. In point of faet, 
however, it is easy to show with a constant amount of gas that wide varia- 
tions in the level of the manometer fluid will give values of d and d’ closely 
following Equation 3. Hence it is merely a matter of convenience whether 


to work at constant or variable volumes of gas in the respirator. 
Experimental Procedure 


The pressure chamber is filled with tap water and adjusted to 38°. The 
respirators containing the respiring system required by the nature of the 
experiment are equipped with filter roll and 0.2 to 0.25 cc. of N NaOH in the 
center well (see below). The chambered side cock (C.S.S., Fig. 5) being 
empty, the vessels are attached to their respective manometers, and the 
vessels are all gassed at once with 100 per cent O, through a manifold for 3 to 
| minutes, the gas escaping through the open side cock. The side cocks are 
then closed and | ec. of sulfuric acid of appropriate concentration is intro- 
duced into each of them with a syringe and needle. This acid is subse- 
quently, at the end of the respiratory period, admitted into the main vessel 
to terminate the respiration and to free any bound COs in the tissues and 
medium for collection on the alkali filter roll. The respirator units are then 
fixed in position on their bearings (8 and 9 in Fig. 1), the compensators are 
connected, the cover of the chamber is bolted into place, and the manometer 
fluid drawn down completely below the inferior turn of the manometers. 
This prevents the manometer fluid from being forced into vessel or com- 
pensator while the pressure is being rapidly raised. The pressure chamber 
is now flushed with a vigorous stream of oxygen for 5 to 7 minutes, sufficient 
to replace the initial air of the chamber by 98 to 100 per cent of oxygen (as 
determined by appropriate control tests). 

Oxygen is now admitted through the inlet (/8, Fig. 1) and the desired 
pressure having been reached, the manometer fluid is adjusted at some con- 
venient level on the manometers, and the stop-cocks (7, Fig. 5) to the 
manometers and compensators are closed. Respirators and compensators 
are now isolated from the pressure chamber. The pressure gage (A, 
Fig.4) is now read and the stop-cock to the differential pressure gage (B, 
Fig. 4) is closed. The pressure in the pressure chamber is now raised by 
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about 50 mm. of Brodie’s solution as determined by the reading of the 
differential pressure gage. 10 minutes are allowed to elapse for the attain- 
ment of the physical equilibirum between tissue and aqueous phase, with 
the high pressure gas phase. Readings are then begun and repeated as 
occasion requires. At the end of the desired respiratory period, the acid in 
the chambered side stop-cocks is admitted into the respirators, as men- 
tioned above, by means of control // (Fig. 1) to terminate the reaction, and 
20 minutes are allowed for the absorption of all CO, upon the filter roll. 
All stop-cocks are then opened and the pressure is brought down to 1 at- 
mosphere. The cover is removed, the respirators are disconnected, and the 
alkali filter rolls quantitatively removed, and the CO, output determined as 
described below. 


Range of Method 


The method permits at pressures of oxygen up to 8 atmospheres (the 
maximum safe pressure for which this apparatus was built) the determina- 
tion of the oxygen uptake of tissue slices, homogenates, etc., with the 
simultaneous determination of the carbon dioxide output. With appro- 
priate controls to determine the CO, of parallel systems at the beginning of 
the respiratory period, the respiratory quotient can be calculated. Various 
enzyme systems can also be studied under high pressure and, if desired, the 
chambered side stop-cock may be used for the introduction at high pres- 
sures of substrate, auxiliary substances, etc. 


Determination of CO, Output 


The determination of the CO, output of tissues when the manometers are 
enclosed in a high pressure chamber requires a different technique from that 
customarily used when one is working in the open at 1 atmosphere. In the 
latter case the CO, absorbed by the alkali absorbent during the respiratory 
period is determined in the same repirator following acidification of the al- 
kali. Alkali and acid being initially in separate compartments, mixing is 
easily accomplished by tipping the respirator unit after removal from the 
bath. This is obviously impossible with the high pressure apparatus. For 
this reason the acid is introduced into the medium from the chambered side 
stop-cock (C. S. S., Fig. 5) by manipulation of control /7 (Fig. 1). This 
serves to kill the tissue and release any CO, present in the medium as bi- 
carbonate. 20 minutes are allowed to elapse for the absorption of this 
CO, and the CO, present in the gas phase during the respiratory period. 
The apparatus being then disassembled, the filter roll is removed, with 
quantitative precautions, and placed in a clean Warburg respirator of the 
ordinary type. The center well of the experimental respirator is carefully 
washed four times with 0.5 ec. portions of water, the washings being added 
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to the vessel containing the filter roll. This vessel is then equipped with 
the requisite quantity of acid in its side sac and set up in a bath. After 
temperature equilibration, acid and alkali are admixed and the COs, de. 
termined by the customary technique. As is customary when the net CO, 
formed during a given respiratory period is to be determined, a system 
similar to the experimental one is set up in parallel. This is acidified at 
zero time of the respiratory period and its CO, content determined as 
above. This “initial CO,” is applied as a correction to the total COs of the 
respiring sample to give the net CO, formed during the period. The respira- 
tory quotient can then be calculated. 


Rate of Absorption of CO, at High and Low Pressures 


It was to be expected on general theoretical grounds that the rate of dif- 
fusion, and hence the rate of absorption, of CO, from the medium to the al- 


Taste I 


Rates of Absorption of Carbon Dioxide in Warburg Respirator under Varying Condi- 
tions (Temperature, 58°) 





k, reciprocal 








Total pressure Arrangement for CO: absorption | ee log min. 
. eS, as Pa } 
aimospheres | | 
1 | Filter roll, 30 X 22 mm., in center well extending 1 mm. be-| 0.16 
low top of center well; 0.2 cc. N alkali | 
8 Same 0.048 
l | Filter roll, 30 X 37 mm., in center well extending 15 mm. | 0.61 
above top of well 
8 | Same 0.21 


| 
| 


kali filter roll should be markedly influenced when the total pressure is in- 
creased by addition of an indifferent gas. This was found actually to be 
the case and necessitated care in the arrangement of the filter roll to obtain 
adequate rates of absorption. To compare rates of absorption under given 
physical conditions, use was made of the fact that absorption follows a first 
order course, viz. 2.3 log Poo, = kt + constant, where Poo, is the partial 
pressure of CO, at any given time, ¢, during the process of absorption. kis 
a measure of the rate of absorption and is the proportion of the CO, present 
at any time absorbed in a unit of time. With any given physical set-up, 
CO, was introduced into the vessel usually by the acidification of a con- 
tained bicarbonate solution. The initial pressure of CO, was on the aver- 
age about 150 mm. of Brodie’s solution. After a minute or two to allow 
complete evolution of the CO,, manometer and time readings were made un- 
til no more absorption occurred. The Peo, values thus obtained followed 
the above equation closely in most instances. From the slope of the log 
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Pco, plot against time, k could be calculated. Many determinations were 
made with consistent results. A few are given for discussion. 

It will be seen from Table I that with the same physical set-up and the 
same degree of shaking, the rate of absorption of CO, is reduced by one- 
third when the total pressure is increased by a diluting gas from 1 to 8 at- 
mospheres. 

The conditions finally selected were more than adequate for CO, ab- 
sorption at oxygen pressures up to 8 atmospheres. A piece of filter paper 
(30 X 37 mm.) was held in the form of a cylinder containing one thickness 
of paper only by means of two small glass rings. This assembly is inserted 
into the center well (G. R. and F. P., Fig. 5) The glass rings prevented 
contact of the filter roll with the walls of the center well. This arrange- 
ment increased the effective surface and also prevented alkali from creeping 
into the main vessel. Rubber rings cannot be used, since rubber absorbs 
oxygen when the pressure is greatly increased. Just enough alkali (0.2 to 
0.3 ml.) of appropriate strength (usually 4 to 5 times the equivalent of ex- 
pected CO, evolution) is added to the center well to moisten the filter roll. 


Additional Factors in Gasometric Analyses 


Since a large part of the effect of high oxygen pressure upon the metabolic 
systems might reasonably be expected to occur early in the period of ex- 
posure, it became necessary to determine the minimum length of time re- 
quired for the system to come to physical equilibrium when the pressure of 
oxygen is suddenly increased from 1 to 8 atmospheres, the highest pressure 
used. With the present apparatus this pressure can be attained in about 2 
minutes. A number of experiments were therefore performed in which the 
pressure was rapidly raised to 8 atmospheres. Since the vessels contained 
no tissue, the time required for the attainment of physical equilibrium could 
be measured. In some cases the vessels contained the appropriate medium 
for the study of tissues, and in others slightly acidified water was used in or- 
der to eliminate the absorption of the small amount of CO, inevitably pres- 
ent. Constant readings were always obtained after a maximum of 8 
minutes from the time maximum pressure was reached, and in many cases 
in less than 2 minutes. In practice, therefore, readings are begun 8 
minutes after the pressure has attained its maximum. The attainment of 
temperature equilibrium presented no problem, because of the additional 
time spent in flushing the apparatus with oxygen before the pressure was in- 
creased (5 to 7 minutes), during which the vessels were being constantly 
shaken in the water bath at 38°. 

A further difficulty presented itself at high pressures of oxygen. Rubber 
dissolves appreciable amounts of oxygen. Hence when suddenly brought 
to a new high pressure, oxygen is absorbed by the rubber and the attain- 
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ment of equilibrium is a slow one (30 to 60 minutes). It was therefore 
necessary to connect the static compensators to the shaking manometers 
with carefully fitted glass connections, united by rubber tubing in such a 
way that a negligible amount of rubber surface was presented to the gas 
phase inside the manometer units. A preliminary attempt to use rubber 
tubing alone resulted in a slow change in gas volume on the compensator 
side sufficient to cause a serious error in experimental measurements, with 
equilibrium not reached at the end of an hour. 

Another consequence of having the compensating vessels not shaken (as 
dictated by their size and the space available, as well as mechanical compli- 
cations) is the relatively long time required for physical equilibrium of any 
water contained in them beyond barely visible moisture. Precautions are 
therefore necessary to prevent water from accidentally accumulating. This 
is particularly important when respiration is measured at a low pressure 
following exposure to high pressure; in this case, equilibrium is even more 


slowly attained. 


SUMMARY 


1. An apparatus and technique are described for the measurement of 
gaseous metabolism in vitro of surviving tissues, enzymatic systems, ete., 
under pressures of oxygen up to 8 atmospheres, absolute. 

2. The apparatus consists of a cylindrical high pressure chamber which 
contains six Warburg respirators and manometers. The scales of the ma- 
nometers are read through windows and the necessary manipulations are 
performed by means of external controls. 

3. The main structural features of the apparatus are given in full. 
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MICROTOME FOR THE PREPARATION OF TISSUE 
SLICES FOR METABOLIC STUDIES OF 
SURVIVING TISSUES IN VITRO* 


By WILLIAM C. STADIE anp BENJAMIN C, RIGGS 


From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia) 


Received for publication, May 10, 1944) 


A major requirement for metabolic studies of tissues in vitro with the 
Warburg or similar apparatus is the preparation from sundry organs of 
thin slices of uniform thickness. When economy of material is necessary as 
in the case of the small organs of the rat, this single operation often. be- 
comes a limiting factor in the amount of material available. Several 
methods are currently used in this operation, of which the commonest are 
the free-hand method with a razor, with the subsequent selection of suitable 
portions of the slices, and various forms of double bladed cutters. 

Both of these methods are relatively wasteful of material, particularly 
with small organs such as rat kidney or brain. Furthermore, in precise 
metabolic studies it is important to know that the thickness of the given 
slices is below the ‘‘limiting thickness’’ necessary for maximum oxygen up- 
take and metabolic activity. Above this point, the gas exchange is limited 
to an increasing extent by the thickness of the slice, and becomes less and 
less a measure of true metabolism. For this reason, the thickness of free- 
hand slices often must be individually determined by measuring their areas 
and weights. At the same time, it often occurs that the limiting thickness 
of a tissue is such that a slice appreciably thinner becomes difficult to pre- 
pare by these methods. This is particularly true of friable tissue such as 
brain. For metabolic studies the use of fixative or freezing agents is, of 





course, prohibited. 

A microtome for such slice preparations from fresh tissue is here described. 
In principle, the device mechanically holds a definite thickness of tissue be- 
tween the under surface of a transparent plate and the advancing edge of a 
thin, flat razor blade. In this way multiple slices can be quickly made with 
& minimum of trauma and with considerable reproducibility. The ac- 
companying working drawings' should be largely self-explanatory, but the 
specifications are summarized for convenience. 


* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Pennsylvania. Permission for publication 
granted by the Office of Scientific Research and Development. 

1 Enlarged copies of all figures may be obtained upon request from the authors. 
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Fig. 1 represents the microtome, which is constructed of two pieces of 
5/16 inch Plexiglas, fastened with brass or stainless steel screws carefully 
centered for interchangeable, end for end assembly. These are tightened 

































' 5h “~ Se o ~ 
| t 3 i 
“ eer ee ee "n+ GEE TEXT 
——- — = |> + > — s—, 
° ri: | eh Dri Dri. 
= ainsi a DEH! 5 
ZY é 4k ae e a) 
SA ~~ 4 $= -| -_~-- > i+ 
ey } | , i ’ ; 
Qa Eu = . l 6: L4 
2 ! | } - & 
= bend . 
a © Secrion Section? 
4 © 
= 7a 
- >) BLP) 7 
q oA e3 
° 4 <— CHAMFER, 
rhe -} + + - Cy FACE 
2 f° tf 5 
- tH U 
/ j ' 
, 1 — —_ 
——_—144—— SecTion) Section 
! —_—- 5 eee. oad a b 


or eg e 
Grounp Te ; 0.012 +0.001 -a000 
CuT TO 0.015 , GRIND 
UPPER SURFACE TO 


SDE View - SECTION C FINISHED SIZE. 


4 %” 6-32, 
WICriiLiisteR HEAD 


ond 











o> xXx £E TE EF 


SIDE VIEwW-ASSEMBLY 





Fie. 1. Working drawing of the microtome. All dimensions are in inches 


TaBLe I 
Working Dimensions of Microtomes for Various Thicknesses 








. Finished depth (tissue 
Depth of cut thickness less one-half 


Tissue thickness required 
blade thickness) 





mm. inch inch inch 

0.25 0.0098 0.008 0.0048 
0.35 0.0138 0.012 0.0088 
0.50 0.0197 0.018 0.0147 


0.75 0.0295 0.028 0.0245 


only to bare holding tension (in practice, with a finger nail) to minimize 
cold flow of the plastic. 

The upper surface of the top section is ground and polished flat with full 
transparency (except for minor scratches). The 2 X { inch depression in 
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the lower surface is machine-cut to a depth greater than required and 
brought down to the exact depth (depending on the slice thickness desired) 
by hand grinding the uncut surface on a steel table to +0.0005 inch. 
Table I shows these dimensions for various thicknesses of slice. The in- 
strument is designed for use with 4 inch lengths of unperforated Old 
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Fia. 2 Fia. 3 


Fic. 2. Working drawing of base for holding tissue. The dimensions are in inches. 
Fic. 3. Diagrammatic perspective view of completed microtome, with tissue and 
blade in place, partly cut away. The thicknesses of the blade and slice are exag- 


gerated for clarity. 


TaBLe II 
Average Thickness of Slices from Microtome Built to Cut 0.60 Mm. 
Organ No. of slices Mean thickness Standard error 
mm. mm. 
Liver 6 0.51 +0.022 
Kidney. .. 8 0.47 +0.024 
Heart. . 6 0.49 +0.024 
Brain 6 0.49* +0.019 








* Calculated from dry weights (see the text). 


Fashioned Valet Type Autostrop Blade,? whose thickness is 0.010 inch 
within extremely close limits. 

The upper surface of the bottom section has a similar depression machine- 
cut and ground to the dimension shown in the drawing, which affords pas- 
sage to the blade with 0.001 inch clearance. The center is cut out to allow 
entrance of the tissue. 

2 These blades were secured from the Gillette Safety Razor Company, Boston, 
Massachusetts, in uncut lengths of 4 inches, through the courtesy of Mr. Stafford 


Johnson, to whom we are indebted. 
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Fig. 2 shows the base, which is merely a small table built of stainless steel] 
to hold the tissue. 

In operation, the tissue rests on a moistened bit of filter paper on the steel 
table. The blade is introduced into the microtome, which is then gently 
pressed down on the surface of the tissue. The blade is advanced with a to 
and fro motion until the slice is complete, and is then removed. The slice 
may be washed up from the inverted microtome in a dish of saline, or lifted 
out with a spatula. The operation can be repeated with ease and rapidity, 
Fig. 3 shows the instrument in perspective, partly cut away, with tissue be- 
ing sliced. (The thickness of blade and slice are exaggerated for clarity.) 

Table II shows the average thickness of slices from several rat organs 
made with the cutter built theoretically to cut 0.50 mm. thickness. The 
standard error in all cases can be seen to be within 5 per cent. The method 
of measurement was as follows: The fresh slice was floated over mm.- 
squared paper, and the area taken by counting the uncovered squares with- 
in a given area, fractions being estimated to0.5sq.mm. In some cases the 
areas were taken by trimming a piece of filter paper accurately to the size of 
the slice and subsequently taking its area with a planimeter or by the use of 
squared paper. The slices were then blotted dry and weighed on a torsion 
balance to the nearest mg. The density of all tissues was assumed to be 1.04. 

Preparation of slices from the brain, particularly from the rat, is usually 
difficult. The extreme friability of the tissues makes blotting, for deter- 
mination of the moist weight, or excessive handling inadvisable. With the 
microtome we have found the preparation of uniform slices relatively easy 
(see Table II). In practice, we have floated the slices out of the inverted 
microtome with saline and transferred them to the respiratory vessels with 
a spatula. The dry weights were determined at the end of the respiratory 
period. Dry weight to wet weight ratios were obtained by blotting a large 
piece of the discarded portion of the brain, weighing, and drying. 

Slices of other organs, including liver, kidney, lung, and heart, are pre- 
pared routinely with great ease and rapidity. For example, from a single 
rat kidney, four to six pieces 0.5 mm. thick and weighing 50 to 75 mg. each 
may be easily cut. 

SUMMARY 

1. A microtome for the preparation of thin slices of fresh tissue for 
studies of metabolic activity in vitro is described. Working drawings and 
specifications are included. 

2. Representative data as to the accuracy and reproducibility of slices 
prepared by the apparatus are given. 











re- 
rle 


ch 


( r 
nd 


eS 











STUDIES ON THE COMPOSITION OF RICKETTSIA PROWAZEKI* 
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The study presented here was undertaken at the request of Colonel H. 
Plotz following observations on the distribution of rickettsial antigens made 
in the laboratory of the Division of Virus and Rickettsial Diseases, Army 
Medical School, Washington, D. C. The primary objective was the col- 
lection of chemical information on the presence and properties of specific 
substances in different fractions of the rickettsial cell, disintegrated by a 
variety of methods, and in certain by-product fluids obtained during the 
purification of the organisms cultivated in the yolk sac of the developing 
chick embryo, according to the method of Cox (1). 

In contrast to the large amount of information on the chemical composi- 
tion of pathogenic bacteria, our knowledge of the chemistry of rickettsiae is 
extremely scanty. This has been primarily due to the difficulty of culti- 
vating these obligate intracellular parasites in amounts sufficient for chemi- 
cal work. Some data on rickettsial antigens, with special reference to their 
relation to the Weil-Felix reaction (2, 3), and on rickettsial toxins (4, 5) 
will be found in the literature. With regard to the classification of rickett- 
siae and to the epidemiological and immunological aspects of epidemic ty- 
phus and related diseases reference may be made to a number of recent 
summaries (6-10). 

The organism used in the present study was Rickettsia prowazeki, the 
etiological agent of epidemic typhus. The material, grown by the method 
of Cox (1), had been treated with formaldehyde previous to its fractiona- 
tion; we are highly indebted for it to Colonel H. Plotz and his associates at 
the Virus Laboratory of the Army Medical School. 

The investigation of the specific components of purified rickettsiae is 
made difficult by the scarcity of the available material. It furthermore 
suffers from the common limitations of work on bacterial constituents; viz., 
the lack of well understood and generally applicable procedures. The un- 
economical method of trial and error has to be followed throughout. It is 
perhaps worthy of note that many methods used successfully for the isola- 
tion of specific bacterial fractions, e.g. the treatment of aqueous suspensions 


* This work was carried out under a contract, recommended by the Committee on 
Medical Research, between the Office of Scientific Research and Development and 
Columbia University. 
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of bacteria with chloroform, trichloroacetic acid, or proteolytic enzymes, are 
based on the alteration, degradation, or destruction of the bacterial pro- 
teins. One feature of the present work to which attention may be drawn is 
the extensive use of physical methods for the separation of antigenic frac- 
tions. 
EXPERIMENTAL 
Preparation of Rickettsiae 

The accompanying flow sheet indicates the methods adopted at the 
Division of Virus and Rickettsial Diseases, Army Medical School, for the 
preparation of the material supplied to this laboratory. 


Infected yolk sacs treated with formalin, homogenized with buffer, and centrifuged 


‘ 


Sediment suspended in buffer, Supernatant, Fraction AA 


treated by special methods 
to remove cell débris, and 
centrifuged 


Sediment, purified rickettsiae Supernatant, Fraction A 


In the present study several preparations of purified epidemic rickettsiae 
(representing a total of 1.9 gm.) and numerous preparations of the by- 
product fluids, viz. Fractions AA and A, were examined. 


Estimation of Specific Activity 

The purification of rickettsial antigens depended on the availability of a 
rapid method for the demonstration of specific activity. Rabbit antisera 
against. formolized epidemic rickettsiae contain rickettsial agglutinins in 
high titer, but with isolated rickettsial fractions the conditions for obtaining 
specific precipitation appeared less favorable because of the apparently low 
combining ratio of antibody to antigen. With the rickettsial antisera 
available, satisfactory precipitation of individual rickettsial fractions could 
be observed only at a comparatively high concentration of both antigen and 
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antiserum, although the same sera exhibited high titers in the agglutination 
of intact rickettsiae. The dilution of the antigens and the antisera resulted 
in the appearance of non-flocculent turbidities. Since, moreover, the solu- 
tions of several antigens examined were opalescent, the application of this 
precipitin reaction was far from inviting; but it proved useful in the course 
of many experiments and its results agreed well with those of complement 
fixation tests later performed with the same fractions at the Army Medical 
School. 

The tests were carried out by mixing 0.1 cc. of the rabbit antiserum (di- 
luted with 2 parts of physiological saline) with 0.1 ec. of the antigen dilution 
in saline. All solutions contained 0.01 per cent of ethyl mercurithiosali- 
cylate. The customary saline and serum controls were included. The 
mixtures were stored at 37° for 2 hours and at 4° for 24 hours. The degree 
of turbidity was then estimated before a strong lamp and the end-points 
were checked by examining the sediments after the tubes were centrifuged 
for 5 minutes at 2500 r.p.m. When new antisera were to be employed, it 
was first ascertained that the end-points of previously examined antigen so- 
lutions remained unaffected. Guinea pig antisera were found unsuitable for 
these tests. 


Fraction AA 


Three preparations derived from separate harvests of infected yolk sacs 
and a fraction from normal non-infected yolk sacs (prepared under strictly 
comparable conditions) were examined. The highly opalescent lipid- 
containing emulsions were partly clarified by extraction with ether and 
tested for typhus-specific precipitating activity. No activity was observed 
in the unconcentrated preparations or in supernatants clarified in the ultra- 
centrifuge. One fraction which had been concentrated by pervaporation to 
one-seventh of its original volume showed a slight precipitating activity 
when tested with a rabbit antiserum against epidemic rickettsiae. The 
amounts of specific material present in Fraction AA appear to be very 
slight, probably not more than one-tenth of those found in fresh prepara- 
tions of Fraction A, to be discussed later, which generally were found re- 
active before concentration. 

For a comparison between Fractions AA from normal and infected yolk 
sacs the solutions were extracted with ether and the aqueous layer subjected 
to a centrifugation at 7500 r.p.m. for 30 minutes. The electrophoretic ex- 
amination of the supernatants in the Tiselius apparatus at pH 7.1 revealed 
the presence of two main components in both the normal and the infected 
preparations. The former appeared considerably richer in proteins 
(compare Table I). The slow electrophoretic component had a sharp 
boundary, was highly opalescent, and readily sedimentable, when subjected 
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to centrifugation at 42,000 r.p.m. for 40 minutes. This fraction was almost 
completely precipitated at pH 4 to 5. The faster component, likewise 
readily sedimentable in the ultracentrifuge, was non-opalescent. When 
stored at 4° for several weeks, it decomposed to form products which were 
no longer readily sedimentable in the ultracentrifuge. The faster com- 
ponent was soluble over a wide pH range. The mobilities and relative 
proportions of these components are indicated in Table I. 

The injection into rabbits of a rickettsial preparation containing Fraction 
AA resulted in the production of antisera containing a considerable amount 
of precipitins for normal egg antigens. Following the absorption of the 
non-specific antibodies with normal egg yolk sac material, these antisera 
may be used for the estimation of rickettsia-specific activity. The bulk of 


TABLE | 
Electrophoretic Properties of Fraction AA 
The experiments were carried out in 0.02 m barbiturate buffer containing 0.08 m 
NaCl. 


Descending Ascending 
alates " per pH boundaries boundaries 
Mobilities Area Mobilities Area 
még uXl per ceni u X 108 per cent 
Normal yolk sacs $.4 7.1 —3.7 45 —5.0 410 
—5.5 55 —6.8 60 
Yolk saes inoculated with 0.45 7.2 —4.8 30 —5.: 30 
Rickettsia prowazeki —6.6 70 —6.4 70 


antibodies apparently was not rickettsia-specific, but reacted with the 
opalescent slow component from normal yolk sac preparations. 


Fraction A 

Isolation of Specific Material by Fractional Precipitation and Sedimenta- 
tion—The following properties of the soluble specific substance (Fraction 
AB) could be used for its isolation from the starting material which was ob- 
tained as a colorless opalescent solution.! It is soluble at pH 4 to 5 at a low 
electrolyte concentration; it is insoluble at 50 per cent saturation with 
ammonium sulfate at 4°; it can be sedimented by centrifugation at 48,000 
r.P.M. for 90 minutes; it appears as a relatively slow moving component, 
when subjected to electrophoresis between pH 7 and 8. More than half of 


1 It is advisable to isolate the soluble antigenic fraction as soon after harvesting 
as possible, since it appears to be destroyed on prolonged storage. All operations 
described here were, as far as possible, carried out in the cold. 
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the active material present in Fraction A could be isolated by a combination 
of these methods. 

The A fractions were dialyzed and concentrated by pervaporation to be- 
tween 7 and 10 per cent of the original volume. The precipitate which 
separated, when the concentrated solution was adjusted to 50 per cent 
saturation with ammonium sulfate, was dissolved in water and the solution, 
whose volume was one-half that of the concentrate, brought to pH 5. The 
precipitate appearing at this point had only slight activity and was dis- 
carded after centrifugation. The specific soluble substance was again pre- 
cipitated from the supernatant by half saturation with ammonium sulfate 
and dissolved in physiological saline (one-seventh to one-tenth of the volume 
of the original concentrate). After dialysis, the solution was stored for 2 
weeks at 4°, in order to decompose the normal heavy egg yolk component 
mentioned in the preceding section, and then subjected to centrifugation at 
48,000 r.p.m. for 90 minutes. The brown translucent pellets slowly dis- 
persed in saline to yield slightly opalescent colorless solutions from which, 
after preliminary centrifugation at 4000 r.p.m. for 30 minutes, they were 
again sedimented in the ultracentrifuge. 

The preparations thus isolated, designated Fraction AB, gave specific pre- 
cipitation with rabbit antisera against Rickettsia prowazeki and Rickettsia 
mooserz at end-points of 1.0 to 1.5 y and 4.0 to 6.0 y of antigen N per cc. re- 
spectively. They did not react with rabbit antisera against egg albumin or 
flormal yolk sacs. About 50 to 75 per cent of the specific precipitating ac- 
tivity present in the starting material could be isolated in this manner. The 
yield of the purified Fraction AB in terms of rickettsial nitrogen may be ex- 
emplified by the following typical balance. From 450 inoculated yolk sacs 
purified rickettsiae containing a total of 48.6 mg. of rickettsial N were har- 
vested. In the same experiment 3800 cc. of Fraction A were obtained, 
which yielded 1.8 mg. of N (3.7 per cent of the rickettsial N) in the form of 
the soluble antigen.’ 

A purified specimen of Fraction AB, examined in the Tiselius_electro- 
phoresis cell at pH 6.8 in 0.02 m barbiturate buffer containing 0.08 m NaCl, 


* According to private communications from the Division of Virus and Rickettsial 
Diseases of the Army Medical School, 8 and 15 y of N per ce. of this fraction fixed 4 
units of complement with human epidemic and endemic convalescent sera (11) 
respectively. Twelve guinea pigs, each receiving a total of 32 y of antigen N in two 
injections, produced specific complement-fixing antisera (pooled) of low titer (1:5) 
for epidemic rickettsiae. Seven of ten of these guinea pigs were partially or com- 
pletely protected against a challenge dose which produced typhus in all control 
animals. The intravenous injection of 0.27 mg. of total antigen N into several rabbits 
produced precipitins for the antigen, a high agglutinin titer (1:640) for epidemic 
rickettsiae, and a low agglutinin titer (1:20) for endemic rickettsiae. No precipitins 
for normal yolk sac suspensions and egg albumin were produced. 
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exhibited a single boundary with a mobility of —5.3 K 10 sq. cm. per 
volt per second on the ascending side and of —4.4 on the descending side. 
The substance proved heterodisperse in the analytical ultracentrifuge. The 
extremely small amounts available precluded a detailed chemical char- 
acterization of this material, but similar fractions obtained from Fraction A 
by electrophoretic separation will be discussed later in this paper. 


TaBLe II 


Electrophoretic Separation of Fraction A 


Pptn. end-point; Electrophoretic mobilities 


Ultra- , I 
Rabbit | pabbit 
anti- 


Ex- N:P violet 
pert, | Fraction | | [atomiel*bSORP| rum | mt | 
No ratio | wnaxi- against against |e Descending Ascending 
pan =. endemic boundaries boundaries 
rickett- — 
siae 
per per F t } 
pr a A per -i ohies w X 10 w X 1M 
nal nal 
1 | A, concentrate 100 | 100 | 12 | 2660 | 6.5 13 | —4.1, | —3.4, 
(barbiturate —5.0, —4.4, 
buffer, pH —6.7, | 6.5, 
7.0) —14.0 —13.5 
2 A, concentrate —4.0, —4.3, 
(borate buff- —5.9, —6.1,, 
er, pH7.8) —7.6, —8.4, 
—15.6 —15.8 
3 AF 48 88 5 | 2600 18 >18 | —14.0 —13.5 
4 AS 52 12 44 | 2750 | 2.5-5 10 | —4.1, —3.4, 
—5.0, —4.4, 
—6.7 | 6.5 
5 AS-P 36 10 30 7.5 7.5 
6 AS-S_ (borate 16 2) 66 1 4 —5.6 —5.1 
buffer, pH 
7.8) 


The incubation of solutions of the antigen at 37° for 24 hours with crys- 
talline trypsin or chymotrypsin’ at pH 7.8 did not affect the end-point of 
antigen dilution at which specific precipitation was observed. The solu- 
tions were also stable to heating at 100° for 1 hour, and retained their pre- 
cipitating properties, when kept over a pH range of 3 to 10 for 24 hours at 
4°. 

Electrophoretic Fractionation—One preparation of Fraction A was con- 
centrated by pervaporation to about 3 per cent of the original volume and 


* We are indebted to Dr. M. Kunitz of the Rockefeller Institute, Princeton, New 
Jersey, for these enzyme preparations. 
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dialyzed against water. Portions of the concentrate, containing 520 y of N 
and 95 y of P per cc., were subjected to electrophoretic fractionation in the 
Tiselius cell in 0.02 m barbiturate buffer (containing 0.08 m NaCl) at pH 
7.9 and in 0.1 m borate buffer of the same pH. The material was separated 
into one fast component (Fraction AF) and a group of three slower com- 
ponents (Fraction AS). Data on these experiments will be found in 
Table II, where the separation experiments are presented as Experiments 
1 and 2, while the properties of the separated fractions are summarized as 
Experiments 3 and 4. The ultraviolet absorption spectra of the original 


Density 





Rawal L i i > 
2400 25 26 27 28 29 30 3i 3200 A 





Fic. 1. Ultraviolet absorption spectra of Fraction A (concentrated) (77 y of N 
per cc.), Curve I; Fraction AF (60 y of N per cc.), Curve II; Fraction AS (66 + of 
N per cc.), Curve III. 
concentrate of Fraction A and of dialyzed Fractions AF and AS, obtained 
by means of a Hilger spectrograph, are reproduced in Fig. 1. 

Approximately 90 per cent of the total phosphorus contained in the con- 
centrate of Fraction A resided in the fast component, Fraction AF, which 
appeared to consist principally of nucleic acid. (Compare Fig. 1 and 
Table II, Experiment 3.) The ultraviolet absorption spectrum showed a 
maximum at 2600 A. The atomic N:P ratio of 5 (required by the theory, 
3.75) indicates the presence of some contaminating nitrogenous material.‘ 

‘The electrophoretic separation of a concentrated preparation of Fraction A 
from a harvest of endemic rickettsiae (Rickettsia mooseri) similarly revealed the 


presence of considerable amounts of free nucleic acid, whereas in a comparable 
preparation from normal yolk sacs no free nucleic acid could be demonstrated. 
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The group of slow electrophoretic components, Fraction AS (Table IT, 
Experiment 4), which retained the specific activity of the starting ma- 
terial was subjected to further purification. When the solution of Fraction 
AS was brought to pH 4 to 5 by the addition of dilute acetic acid, precipita- 
tion of Fraction AS-P took place (Table II, Experiment 5). The non- 
opalescent supernatant contained Fraction AS-S (Experiment 6) which 
showed considerable precipitating activity. This material appeared simi- 
lar, both in electrophoretic mobility and in specific activity, to the pre- 
viously discussed soluble specific substance (Fraction AB) isolated from 
Fraction A by salt precipitation and high speed sedimentation. 


Rickettsial Organisms 


Electrophore tic Mobility of Intact Rickettsiae—In order to test the homo- 
geneity of formolized rickettsiae, four separately harvested preparations 
were examined over a wide pH range in uniunivalent buffers (ionic strength 
0.02) in the micro electrophoresis apparatus described by Northrop and 
Kunitz (12). All specimens examined behaved almost identically, al- 
though prepared in two different laboratories, and between 90 and 95 per 
cent of the particles of the individual preparations exhibited uniform mo- 
bilities. The average mobilities (in u per second per volt per cm.) were 
+ 1.35 at pH 1.75, +1.01 at pH 2.57, 0 at pH 3.40, —2.38 at pH 4.51, —3.08 
at pH 6.17, and —3.89 at pH 7.92. The shape of the mobility curve and 
the spread of the individual values are indicated in Fig. 2. 

Lipids—A specimen of purified rickettsial organisms was washed with 
distilled water and dried in a high vacuum in the frozen state. The or- 
ganisms contained N 12.2 per cent (Dumas) and P 0.93 per cent (Pregl- 
Lieb). For the removal of lipids 120.6 mg. of the dry organisms were ex- 
tracted for 14 hours with 50 cc. of a boiling mixture of equal parts of ab- 
solute alcohol andether. The extraction residue was filtered off and washed 
with absolute alcohol. The combined filtrates, after evaporation in vacuo, 
yielded the total lipids, weighing 16.0 mg. (13.3 per cent of the rickettsiae). 
The acetone-insolable phospholipid fraction was obtained by the addition of 
acetone to a solution of the lipids in alcohol-ether; it weighed 3.7 mg. (3.1 
per cent of the rickettsiae). The acetone-soluble lipid fraction was re- 
covered from the mother liquor; it weighed 11.5 mg. (9.5 per cent).® 

Extraction of Specific Substances—The treatment of the rickettsiae with 
physiological saline, 0.005 n NaOH, n acetic acid, or 2.5 M urea resulted in 
the extraction of only very small amounts of rickettsia-specific material. 


5 We should like to thank Dr. M. Kunitz of the Rockefeller Institute, Princeton, 
New Jersey, for permission to use the micro electrophoresis apparatus. 

* According to a private communication from Colonel H. Plotz, Army Medical 
School, these lipid fractions failed to fix complement with epidemic typhus con- 


valescent sera. 
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Dry rickettsiae were shaken with a 50-fold weight of diethylene glycol 
(in the presence of glass beads) for 24 hours at room temperature. The ex- 
traction residues, collected by centrifugation, had lost between 20 and 30 
per cent by weight and about 10 per cent of the total nitrogen. The super- 
natant was freed of the solvent by prolonged dialysis through cellophane 
against running and distilled water and the resulting aqueous solution freed 
of lipids by extraction with ether. Under these circumstances, the aqueous 
phase was found to contain 1 to 2 per cent of the total rickettsial nitrogen. 
The extracted material showed a precipitation end-point at 0.7 to 0.9 y of 
N per cc., when tested with rabbit antisera against epidemic or endemic 
rickettsiae or against the specific soluble material isolated from Fraction A. 

Isolation of Specific Fractions from Disintegrated Rickettsiae—The dis- 
integration of the rickettsial organisms with proteolytic enzymes was found 











Fic. 2. Electrophoretic mobility of preparations of Rickettsia prowazeki. The 
spread of the individual values observed with four different preparations is indicated 
by the vertical lines. 


to produce a larger yield of antigenic material. The rates of rickettsial 
breakdown, followed by means of electrophotometric turbidity measure- 
ments, and the yields and properties of the liberated fractions were similar, 
when commercial trypsin (Fairchild), crystalline trypsin,’ or crystalline 
chymotrypsin’ in 1/15 m phosphate buffer of pH 7.8 was employed. Ly- 
sozyme preparations (from egg white) had no visible effect. Some of the 
digestion experiments were carried out with residues from the diethylene 
glycol extraction. 

In a typical experiment, 70 cc. of an aqueous suspension of the rickettsial 
bodies (0.7 mg. of N per cc.) were adjusted to pH 8.3 and incubated with 7 mg. 
of trypsin (Fairchild) and 3.5 ec. of toluene at 37° for 3 days. Most of the 
suspended material disappeared during this period, to form an opalescent 
viscous solution. A slight insoluble residue was removed by centrifugation 
and the supernatant subjected to dialysis, when 65 per cent of the original 
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nitrogen was obtained in non-dialyzableform. (The digestion with crystal- 
line trypsin yielded slightly more non-dialyzable N.) The precipitation 
end-point of this material with rabbit antisera against epidemic or endemic 
rickettsiae was found to be 1.4 y of N per cc. 

The solution of the digested material was subjected to electrophoretic 
separation into two distinctly migrating components (see Table III). Fol- 
lowing separation, the individual fractions proved almost homogeneous 
electrophoretically ; it required a 10-fold concentration to demonstrate the 
presence of very small amounts of the contaminating component. The fast 
electrophoretic component, Fraction RF, represented (in terms of nitrogen 


TaB_e III 
Rickettsial Components Following Proteolytic Digestion 
Electrophoretic mobilities* Pptn. end-pointst 
Experi- Fraction RF Nucleic acid Fraction RS 
ment Enzyme = : ' ; 
No raction raction 
Descend-| Ascend-| De, | As, | De. | As RS 
ow ing scend- | cend- | scend-| cend- 
ing ing ing ing 
7 N vy 
per cc per c 
l Trypsin (Fair- | —16.8 —18.0 —6§.1 —6.8) 1.5 1.4 
child 
2 Chymotrypsin —17.9 —18.3 —4.5)/—4.9) 1.3 b.2 
(crystalline) 
3 Trypsin erys- | —17.6 —16.7,—14.9 —14.2)/—5.8 —5.9) 0.8-1.6 1.0-2.0 


talline) 





* The experiments were carried out in 0.1 m phosphate buffer of pH 7.0. The 
mobilities are expressed as 10~* sq. cm. per volt per second. 
+ Tested with rabbit antisera against rickettsiae. 


recovery) about 70 to 80 per cent of the material ebtained by enzymatic di- 
gestion; i.e., about 45 to 50 per cent of the rickettsial organisms. The 
slow component, Fraction RS, therefore, corresponded to about 15 per cent 
of the rickettsiae. 

Electrophoretic and serological data, obtained in several experiments, 
are summarized in Table IIT.’ 

Properties of Fractions Separated by Electrophoresis—Both electrophoretic 


? According to private communications from the Division of Virus and Rickettsial 
Diseases of the Army Medical School, 1.25 and 2.5 y of N per ec. of both Fractions RF 
and RS fixed complement with human epidemic and endemic convalescent sera 
respectively. Twelve guinea pigs, each receiving a total of 20 y of antigen N of either 
Fraction RF or RS in two injections, produced complement-fixing antisera (pooled) 
of low titer (1:12), specific for epidemic rickettsiae. 70 per cent of these animals, 
immunized with either Fraction RF or RS, was protected against epidemic typhus. 
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components, viz. Fractions RF and RS, were readily sedimented in the 
ultracentrifuge, but appeared to be inhomogeneous with respect to particle 
size. For the isolation of these fractions, the electrophoretic separation was 
followed by thorough dialysis of the solution and evaporation of the water 
in the frozen state in a high vacuum. The samples for analysis were dried 


TaBLe IV 


Antigens of Rickettsia prowazeki 








Fraction RF | Fraction RS 
jy per cent per cent 
Nitrogen a 10.0 10.0 
Reducing sugars (Hagedorn-Jensen) = 14.4 15.6 
Carbohydrates (orcinol). .. 8.5 12.5 
Amino sugars (as glucosamine).............. “| 1.6 1.9 
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Fic. 3. Ultraviolet absorption spectrum of nucleic acid isolated from rickettsiae 
by digestion with crystalline trypsin. 


in vacuo over P.O; at 61°. Analytical data on the contents of nitrogen, car- 
bohydrates (by the orcinol method) (13, 14), total reducing sugars (15), 
and amino sugars® (16) will be found in Table IV. For the determination of 
reducing sugars, the samples were hydrolyzed in sealed tubes with N HCI at 
100° for 4 hours, which proved the optimum time. In both fractions the 


8 We wish to thank Dr. K. Meyer of this College for the amino sugar determinations. 
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biuret and Hopkins-Cole tests were positive, the xanthoproteic and Millon 
tests negative; the ninhydrin reaction was positive in Fraction RF only, 
Both substances were precipitable with acids and stable to heating and pH 
changes, similar to the soluble specific material isolated from Fraction A. 

Nucleic Acid—W hen the solution resulting from the treatment of rickett- 
sial organisms with crystalline trypsin was subjected to an electrophoretic 
separation (Table III, Experiment 3), an intermediate boundary (mobility 
— 14.9 on the descending side) was observed which did not appear in prep- 
arations obtained with commercial trypsin. This material could be 
separated from the fast component, Fraction RF, which it accompanies, by 
the sedimentation of Fraction RF in the ultracentrifuge. The resulting 
supernatant exhibited the ultraviolet absorption spectrum characteristic 
for nucleic acid with a maximum at 2575 A (determined at a concentration 
of 0.01 mg. of P per cc.). This spectrum is shown in Fig. 3. 


DISCUSSION 

The first conclusion that may be drawn from the studies here presented 
is that the antigenic fractions of Rickettsia prowazeki, regardless of whether 
they are liberated from the rickettsiae by tryptic digestion or isolated from 
certain by-product fluids obtained during the purification of the organisms 
(Fraction A), occur in a highly polymerized, perhaps particulate, state 
which permits their separation from accompanying substances in the ultra- 
centrifuge. An inspection of the electrophoresis patterns of different 
preparations reported in Tables I to III shows them to be composed of 
varying combinations of five fractions with the following abbreviated mo- 
bilities (based on the descending boundaries): Boundary I,—4; Boundary 
Il, —5; Boundary III, —7; Boundary IV, —14; Boundary V, —18. 
Boundaries I and III probably represent normal yolk sac constituents. 
The mobility of Boundary II corresponds to that of Fractions AB and AS8- 
S, isolated from the by-product fluid Fraction A, and to Fraction RS, ob- 
tained by the tryptic digestion of rickettsial organisms. Boundary IV 
appears to belong to nucleic acid, or to a fraction consisting predominantly 
of nucleic acid, which is found in Fraction A (Table II, Experiment 3) and 
also as a result of the digestion of rickettsiae with crystalline trypsin (Table 
III, Experiment 3). The very fast component to which Boundary V is as- 
signed (Table III, Fraction RF) has been isolated from rickettsiae following 
their digestion with proteolytic enzymes. 

This is not the place to discuss the immunological properties of rickettsial 
components; this will doubtless be done at a later date. It may, however, 
be pointed out that the examination of the rickettsial organisms revealed 
the presence in them of two main antigenic fractions (Fractions RF and 
RS), differing in electrophoretic mobility, if not in chemical composition, 
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but similar in the readiness with which they are sedimented in the ultra- 
centrifuge. One of the supernatants obtained in the course of the process- 
ing of the rickettsial suspensions, viz. Fraction A, has been found to contain 
a similarly high molecular soluble antigen that in many respects resembled 
Fraction RS obtained from the rickettsiae themselves. It is not unlikely 
that this material arises from organisms disintegrating during their cultiva- 
tion in the growing embryo. The lipids (possibly carried over from the 
culture medium) and the nucleic acid were devoid of specific serological 
activity. 

Very little can be said at present about the chemical constitution of the 
antigenic fractions of rickettsiae. They obviously are rich in nitrogenous 
substances and in carbohydrates and may best be regarded as high molec- 
ular carbohydrate-protein complexes, some antigenic groups of which are 
resistant to tryptic digestion. It should be pointed out that about three- 
quarters of the total contents of purified rickettsiae was accounted for as 
two distinct antigenic fractions, in addition to lipids and nucleic acid; but 
the study of the chemical architecture of these substances will have to await 
the accumulation of more material. 


The authors take pleasure in acknowledging their indebtedness to Colonel 
H. Plotz and his associates of the Division of Virus and Rickettsial Diseases, 
Army Medical School, Washington, D. C., without whose help this work 
could not have been carried out. They are grateful to Dr. D. H. Moore of 
this College for the ultracentrifuge and electrophoretic separation experi- 
ments. 


SUMMARY 


Formolized preparations of Rickettsia prowazeki, obtained from the yolk 
sac of the developing chick embryo, and the wash fluids of these prepara- 
tions were subjected to fractionation procedures which permitted the isola- 
tion of typhus-specific antigenic substances. Some of the chemical, im- 
munological, and protective properties of these fractions, which were high 
molecular carbohydrate-protein complexes, are discussed. The isolation of 
nucleic acid and lipid fractions is likewise recorded. 
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THE PARTITION OF URINARY NITROGEN AFTER THE 
ORAL ADMINISTRATION OF GLUTAMIC ACID, 
PYRROLIDONECARBOXYLIC ACID, PROLINE, 

AND HYDROXYPROLINE TO RABBITS 


By SVEND PEDERSEN anp HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School, University of Michigan, 
Ann Arbor) 


(Received for publication, May 23, 1944) 


Studies of the metabolism in vivo of proline and hydroxyproline and of 
the related pyrrolidonecarboxylic acid are not numerous. Many earlier re- 
searches in which attempts were made to demonstrate relationships be- 
tween these compounds and glutamic acid and ornithine are not convincing 
because of the fact that the rat growth procedure used at that time has now 
been shown to be inadequate. More recent.experiments on the growth of 
young white rats have led to the belief that none of these amino acids is an 
essential component of the diet'(1). Proline (3, 4) and hydroxyproline (4) 
are stated to give rise to essentially the same amounts of extra glucose of the 
urine when administered to phlorhizinized dogs. 

The metabolism of pyrrolidonecarboxylic acid, the lactam of glutamic 
acid, has been investigated more frequently and with conflicting results 
(5-10). All are agreed that relatively little extra urea is excreted and that 
much of the ingested acid may appear unchanged in the urine. Any utili- 
zation presumably results from a slow transformation of pyrrolidonecar- 
boxylic acid to glutamic acid, and the deamination of the latter with the 
formation of urea. However, in much of the work, details are lacking and 
the methods are not entirely satisfactory. The reverse reaction, the biolog- 
ical conversion of glutamic acid to pyrrolidonecarboxylic acid, has been 
demonstrated recently (11). When isotopic d-glutamic acid was fed to a 
rat, d-pyrrolidonecarboxylic acid was isolated from the urine. Evidence of 
the biological interconversion of proline, hydroxyproline, ornithine, and 
glutamic acid has also been obtained in experiments with isotopic proline 
and a scheme of possible reactions has been presented (12). 

In connection with an investigation of urea formation in the intact or- 
ganism of the rabbit after administration of a considerable number of 


‘In a more recent discussion (2), neither the prolines nor glutamic acid is included 
among the seventeen amino acids which ‘‘have been definitely classified with respect 
to their growth significance,’’ i.e. as essential or as dispensable components of the food 
of the young white rat, although in earlier compilations these three amino acids have 
been listed as dispensable (1 
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naturally occurring amino acids, we have made a comparative study of the 
excretion of urinary nitrogen after proline, hydroxyproline, glutamic acid, 
and pyrrolidonecarboxylic acid have been fed. We have observed a 
marked difference in the ability of the animals to metabolize proline and 
hydroxyproline. The nitrogen of the former amino acid is excreted chiefly 
as extra urea nitrogen, which is in contrast to the small amounts of extra 
urea nitrogen excreted after the administration of hydroxyproline. This 
difference in the ease with which the two prolines are utilized has some 
parallels in in vitro experiments with tissue slices, as will be discussed. 


EXPERIMENTAL 


Source and Purity of Compounds Fed—l-Proline and l-hydroxyproline, 
products of the hydrolysis of gelatin, were received from the Department 
of Chemistry of the University of Illinois. The /-glutamic acid, prepared 
in this laboratory by the hydrolysis of wheat flour, gave no test for either 
chloride or ammonia. Pyrrolidonecarboxylic acid was made from glutamic 
acid essentially by the procedure described by Abderhalden and Kautzsch 
(13). Analyses for nitrogen (macro-Kjeldahl) showed that all the com- 
pounds were of satisfactory purity. In addition, the two preparations of 
the pyrrolidonecarboxylic acid used were tested for amino nitrogen by the 
gasometric method of Van Slyke. No amino nitrogen could be detected in 
one preparation, while the second contained 0.09 per cent (equivalent to 
0.86 per cent of the total nitrogen). This acid was also titrated with 
standard alkali, threé different indicators being used with satisfactory re- 
sults. 

Determinaiion of Urinary Constituents- 
by the usual modified Kjeldah! macromethod; urea nitrogen by the urease 
method of Van Slyke and Cullen, the ammonia being determined by- the 
Urease was prepared by glycerol ex- 
The partition of 


Total nitrogen was determined 


usual aeration-titrimetric procedure. 
traction of jack bean meal, as described by Koch (14). 
urinary sulfur was made by the usual gravimetric methods (Denis-Benedict, 
Folin). Creatinine was estimated by the micromethod of Folin. 

A slight modification of the method proposed by Danielson (15) for the 
determination of amino nitrogen in blood was employed for the urine 
analysis. Aliquots of urine (usually 10 to 20 ml.) were treated with per- 
mutit to remove ammonia and the supernatant fluids were decanted 
through glass wool into 100 ml. volumetric flasks. The urines were then 
made definitely alkaline (phenolphthalein) with 0.1 N sodium hydroxide 
and the contents of the flask were diluted to volume. The solutions were 
centrifuged to remove phosphates which would otherwise have caused tur- 
bidity in the colorimetric determination. Aliquots (usually 10, 12, and 
14 ml.) of the centrifugates were pipetted into 25 ml. volumetric flasks and 
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the color with the naphthoquinonesulfonic acid reagent was developed as 
described by Danielson. Standards of higher concentration than 0.1 mg. 
of amino nitrogen were not used, since satisfactory proportionality be- 
tween standards of 0.1, 0.2, and 0.3 mg. was not always observed. Differ- 
ent amounts of centrifugate (frequently six aliquots) were used instead in 
order to secure readings of the unknowns comparable to that of the stand- 
ard. 

A standard of glutamic acid rather than the mixed glycine-glutamic acid 
standard recommended by Danielson was employed, since the color de- 
veloped by this standard corresponded more closely to those developed by 
the urines. Proline, as pointed out by Folin (16), gives somewhat more 
color in the reaction than an equimolar solution of glutamic acid. The 
urinary values reported in the present study in which proline was fed must 
therefore represent maximal values, since no correction for the greater color 
intensity of the reaction with proline was made. Folin did not study the 
behavior of hydroxyproline in this colorimetric procedure. We have ob- 
served that, with hydroxyproline, a yellow-brown color distinct from that 
given by any of the other amino acids tested develops rapidly after the ad- 
dition of the naphthoquinonesulfonic acid reagent.2, Such a prompt de- 
velopment of the color was always obtained in the amino determinations 
with urines from the experimental periods in which hydroxyproline had been 
fed and is qualitative evidence of the excretion of hydroxyproline, evidence 
which is confirmed by the quantitative data obtained. Because of this 
anomalous behavior of hydroxyproline, this amino acid, rather than glu- 
tamic acid, was used as a standard in those periods in which hydroxyproline 
was administered. Pyrrolidonecarboxylic acid gave no color in the re- 
action with the naphthoquinonesulfonic acid reagent. 

Conduct of Animal Experiments—Quantitative 24 hour specimens of 
urine were collected from adult male rabbits, fed a commercial rabbit chow 
in amounts sufficient to maintain their body weight. The amino acids, in 
amounts equivalent to 0.286 gm. of nitrogen per day, e.g. 3 gm. of glutamic 
acid daily, were fed in aqueous solution through a stomach tube over 
periods of 2 or 3 days, as shown in Table I. 

In some cases the total period of observation extended over 5 months or 
more (e.g., with Rabbit 5, twelve feeding periods were employed) and the 


* After the present study was completed, Frame, Russell, and Wilhelmi (17) 
reported a similar rapid development of color in the reaction of both the prolines with 
the naphthoquinonesulfonic acid reagent. Contrary to the observations of Folin 
and of ourselves, they noted that both proline and hydroxyproline gave less color 
(45 and 51 per cent respectively) than either glycine, glutamic acid, or the mixed 
standard containing an equimolar mixture of these. They employed, however, a 
modified procedure in which color development was obtained by heating the solution 
in a boiling water bath for 10 minutes. 
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level of nitrogenous metabolism tended to change somewhat over this pro- 
longed period. For this reason, the calculations of extra nitrogen for each 
experimental period are based on the averages of the two control periods of 
3 days each immediately preceding and following the experimental period, 
The data of Table I represent the amounts of ‘‘extra”’ nitrogen excreted 
after the administration of the various amino acids. In addition the per- 
centage of the nitrogen fed which is present in the various fractions of 


TABLE I 
Recovery of Extra Urinary Nitrogen after Oral Administration of Glutamic Acid (GA), 
Pyrrolidonecarborylic Acid (PCA), Proline (P), and Hydroxyproline (HP 
The compounds were fed over 2 or 3 day periods in amounts equivalent to 0.286 
gm. of N per day. Percentage of recovery is calculated as the percentage of N ad- 
ministered recovered as extra N in the various fractions. 


Extra N of urine 





Rabbit | Period N fed as 
j Total Urea Amino acid Undetermined 
days om sm ns gm oad sm oa gm 3 
5 3 GA 0.86 | 0.45 | 52 0.56 6510 0 | —0.14 
3 ae 0.86 | 0.79 | 92 0.78 | 9110 0 0 0 
2 0.57 | 0.36 | 63 0.34; 60 0 0 0 0 
3 PCA | 0.86; 0.70 81 0.46 5b O 0 0.26 30 
2 “ 0.57 | 0.37 | 65 0.36 | 63) 0 0| O 0 
2 ee 0.57 | 0.27/ 47/ 0.12| 21/0 0} 0.15! 2% 
2 P | 0.57 | 0.39 | 68 0.35 61/ 0.058; 10 | O 0 
2 | HP | 0.57/ 0.55! 96; 0.35! 60/0.193 | 34] 0 0 
2 . | 0.57 | 0.27 | 47 | —0.07 0.219 38 | 0.09; 16 
6 3 GA 0.86 | 0.88 | 102 1.04 | 118 | 0 oi. - 0 
3 PCA | 0.86 | 0.46| 53 0.36 120 0 0.10 12 
3 - 0.86 | 0.43) 50/ 0.33 | 38/0 0} 0.13) 
2 e< | 0.57 | 0.38 | 66 0.30) 5310 0; 0.12) 21 
2 |P | 0.57| 0.46} 81| 0.50} 88/ 0.033) 6] 0 0 
2 HP 0.57 | 0.53 | 93 0.01 00.121) 21 | 0.39 | 68 
2 - 0.57 | 0.12 21 | —0.16 0.215 | 38 0 0 


urinary nitrogen as extra nitrogen is given. Undetermined nitrogen is cal- 
culated as the difference between the total nitrogen and the urea nitrogen. 
When the excretion of amino nitrogen is great enough to be significant (as 
on certain of the experimental days), this is added to the urea nitrogen be- 
fore subtraction from the total nitrogen to obtain the undetermined nitro- 
gen. 

Four feeding experiments were carried out with glutamic acid, seven with 
pyrrolidonecarboxylic acid, three with proline, and five with hydroxy- 
proline. The data from experiments with two of the four animals only are 


presented in Table I. 
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l-Glutamic acid appeared to be rapidly deaminized and in none of the 
experiments was there any significant increase in either urinary amino acid 
or undetermined nitrogen. Striking increases in urea nitrogen indicated a 
ready deamination of the glutamic acid and an excretion of the nitrogen as 
urea nitrogen. In contrast to the metabolic behavior of glutamic acid was 
that of its lactam, pyrrolidonecarboxylic acid. In the experiments in which 
this substance was fed, a considerable proportion of the nitrogen adminis- 
tered appeared in the urine as extra undetermined nitrogen and much 
smaller amounts as urea. In no case was there observed an increase in the 
amino acid nitrogen of the urine. The marked increase in undetermined 
nitrogen was observed in six of the seven experiments. Contrary to the ob- 
servations of previous investigators, no toxicity was observed in any of the 
experiments with pyrrolidonecarboxylic acid. 

It will be recalled that pyrrolidonecarboxylic acid does not react with the 
naphthoquinonesulfonic acid reagent of Folin, but that after acid hydroly- 
sis, glutamic acid is formed which does react with the reagent. Control 
experiments with urines to which pyrrolidonecarboxylic and glutamic acids 
were added showed that the greater part of the nitrogen of pyrrolidone- 
carboxylic acid could be recovered as amino acid nitrogen after hydrolysis, 
while there was essentially no change in amino acid nitrogen after hydrol- 
ysis of urines to which glutamic acid had been added. Aliquots of the ex- 
perimental urines after pyrrolidonecarboxylic acid feeding were boiled for 
2 hours with concentrated hydrochloric acid, partially decolorized with 
Lloyd’s reagent, and the ammonia removed by permutit. When the amino 
acid determination was carried out on aliquots thus treated, there was ob- 
served a very considerable increase in the amino acid nitrogen as compared 
with that of the unhydrolyzed urine. This is evidence of the excretion of 
unchanged pyrrolidonecarboxylic acid in the urine. Since the amount of 
acid fed was small, no isolation studies were attempted. 

Stekol and Schmidt (7) observed a slight decrease in urinary inorganic 
sulfates after the administration of pyrrolidonecarboxylic acid to dogs and 
suggested that the acid was conjugated with sulfuric acid and excreted in 
conjugated form in the bile. In a later study (8), analyses of the bile of 
rats fed pyrrolidonecarboxylic acid afforded no evidence in support of this hy- 
pothesis. We have carried out two experiments with rabbits in which 
pyrrolidonecarboxylic acid (as the sodium salt) was injected subcutaneously 
in amounts equivalent to 0.259 and 0.283 gm. of nitrogen respectively. 
There was no evidence of a change in the distribution of sulfur of the urine. 
For example, in one experiment, the inorganic sulfate sulfur excretions were 
174, 164, and 160 mg. on the fore and after days and 167 mg. on the experi- 
mental day. The corresponding values for ethereal sulfate sulfur were 14, 
15, and 15 mg., and 13 mg., respectively. These two experiments do not 
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indicate that conjugation with sulfuric acid is a factor in the utilization of 
pyrrolidonecarboxylic acid by the rabbit. 

Marked differences were observed in the partition of urinary nitrogen 
after feeding proline and hydroxyproline. After administration of proline, 
a considerable proportion of the nitrogen was excreted as extra urea nitro- 
gen and the increases in amino acid nitrogen were small (10 and 6 per cent 
of the nitrogen fed, in Table I). After hydroxyproline, on the other hand, 
little extra urea nitrogen appeared in the urine (none in three of the four 
experiments in Table I) and the increased amino acid nitrogen was equiva- 
lent to from 21 to 38 per cent of the nitrogen fed. Moreover, the rapid and 
characteristic development of the color with the naphthoquinonesulfonie 
acid reagent suggested strongly the presence of unchanged hydroxyproline 
in the urine. We have, in a series of comparable unpublished experiments 
in this laboratory, studied the partition of the extra urinary nitrogen after 
the oral administration of a considerable number of amino acids and have 
never observed in any other series so great an excretion of extra amino acid 
nitrogen or so striking an absence of increased urea excretion in the urine, 

We have also carried out experiments similar to those described but 
differing in that the amino acids were injected subcutaneously on single 
days rather than fed over 2 or 3 day periods. The results have been some- 
what difficult to interpret, since the total and urea nitrogens were not as uni- 
form as was desired and in some cases the total nitrogen excreted exceeded 
the amount injected. The changes in amino acid and undetermined nitro- 
gen seem significant. As far as these two fractions of the urinary nitrogen 
are concerned, the changes observed after the injection of proline and hy- 
droxyproline were comparable to those obtained after oral administration of 
these amino acids. 

A difference in the utilization of proline and hydroxyproline in vitro has 
been demonstrated by Bernheim and Bernheim (18), who observed in ex- 
periments with minced rat liver that the rate of oxygen uptake was much 
slower with hydroxyproline than with proline. In similar experiments 
with “resting’’ Bacillus proteus, proline was oxidized readily, while with hy- 
droxyproline the oxidation was so slow that no definite oxygen uptake could 
be demonstrated (19). In experiments with kidney slices, Weil-Malherbe 
and Krebs (20) found that although both proline and hydroxyproline, in 
the presence of ammonium salts and oxygen, gave rise to an acid amide, 
presumably glutamine,’ proline was oxidized under aerobic conditions more 
rapidly than was hydroxyproline. Moreover, when the kidney slices were 
treated with arsenious oxide, the dinitrophenylhydrazone of a-ketogtutarie 
acid could be isolated as a product of the metabolism of proline. No similar 


?Glutamine reacts with the 8-naphthoquinonesulfonic acid reagent and gives 
nearly theoretical values when compared with a glutamic acid standard. 
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hydrazone could be obtained with hydroxyproline. Neber (21) has iso- 
lated glutamic acid from systems containing proline and kidney slices. A 
notable increase in amino acid nitrogen was observed with proline and 
significantly less amino acid nitrogen in the one experiment with hydroxy- 
proline recorded. 

In studies of ketogenesis in which rat liver slices were used, hydroxypro- 
line has been reported as ‘‘considerably ketogenic,”’ while the formation of 
ketone bodies in the presence of proline was no greater than in control ex- 
periments in which no amino acids were added (22). 

The results of the zn vitroexperiments indicate that the pathways of metab- 
olism of proline and hydroxyproline are not as yet clearly established and 
are not identical. Pyrrolidonecarboxylic acid (20, 21) and 6-hydroxy-a-ami- 
novaleric acid (21) are probably not intermediates in the conversion of pro- 
line to glutamic acid. Proline may give rise to hydroxyproline in vivo (12), 
but the reverse of this reaction is yet to be demonstrated. The studies here 
reported on the distribution of urinary nitrogen after the administration of 
the prolines indicate a much less ready urea formation from hydroxyproline 
than from proline and a much greater excretion of urinary amino nitrogen, 
presumably the unchanged amino acid, although other amino nitrogen 
compounds are not ruled out. It is our hope that it may be possible at a 
subsequent date to continue the study of this problem in vivo. 


SUMMARY 


The naturally occurring stereoisomers of glutamic acid, proline, and hy- 
droxyproline, and inactive pyrrolidonecarboxylic acid (pyroglutamic acid) 
have been fed to rabbits and the distribution of the “extra’’ nitrogen ex- 
ereted has been studied. 

After glutamic acid feeding, the extra nitrogen appeared chiefly in the 
urea fraction, an indication of a ready utilization (deamination) of the acid. 
The excretion of urea nitrogen after pyrrolidonecarboxylic acid was ir- 
regular and not extensive. Much of the “‘extra’’ nitrogen appeared in the 
“andetermined”’ nitrogen fraction. When proline was fed, urea nitrogen 
was considerably increased and slight increases only in the amino acid nitro- 
gen fraction of the urine were observed. Urea formation, as evidenced by 
excretion of urinary urea, occurred less readily after the oral administration 
of hydroxyproline. A considerable portion (21 to 38 per cent) of the nitro- 
gen fed as hydroxyproline appeared in the urine as extra aminoacid nitrogen. 

The relation of these observations to studies of the metabolism of the 
prolines by tissue slices is discussed. 
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LETTERS TO THE EDITORS 





A NEW CHICK ANTIANEMIC FACTOR* 


Sirs: 

In the course of studies to improve the microbiological method of Hutch- 
ings, Bohonos, and Peterson! for the determination of the norit eluate fac- 
tor (folic acid), we found that liver Fraction L of The Wilson Laboratories 
contained a growth essential for Lactobacillus casei « in addition to folic 
acid. This growth essential was adsorbed upon activated charcoal and 
eluted with ammoniacal ethanol. It was extracted from the acidified 
eluate with ether. Treatment of the ether extract with HO, to destroy 
folic acid greatly increased the potency of the extract. 

Later the treatment of pyridoxine with H2O. was found to give a prepa- 
ration which promoted the same growth response of Lactobacillus casei as 
did the HyOs-treated ether extract. A consideration of the products which 
might be obtained by treating pyridoxine with H2Qs, led us to believe that 
the active agent obtained under the experimental conditions was perhaps 
the lactone of 2-methyl-3-hydroxy-4-hydroxymethyl-5-carboxypyridine. 
This compound has been synthesized by Harris, Stiller, and Folkers.* 
A quantity of the lactone, prepared according to their procedure, pro- 
moted the same growth response in Lactobacillus casei as did the H2,Q,- 
treated pyridoxine. It failed to stimulate the tyrosine decarboxylation 
by Streptococcus faecalis obtained by Gunsalus and Bellamy* with H2O2- 
treated pyridoxine. 

Because the properties of the adsorbable, ether-extractable factor ob- 
tained from liver Fraction L were somewhat similar to factor R of Schu- 
macher, Heuser, and Norris‘ and Hill, Norris, and Heuser,’ studies on chicks 


* This work was supported in part by the establishment of a fellowship at Cornell 
University by the Western Condensing Company, San Francisco, California. 

! Hutchings, B ae. Bohonos, N and Peterson, Ww H.. J Biol. Chem.., 141, 521 
(1941 

? Harris, 8. A., Stiller, E. T., and,Folkers, K., J. Am. Chem. Soc., 61, 1242 (1939). 

*Gunsalus, I. C., and Bellamy, W. D., J. Bact., 47, 413 (4944). 

‘Schumacher, A. E., Heuser, G. F., and Norris, L. C., J. Biol. Chem., 185, 313 
(1940 

‘Hill, F. W., Norris, L. C., and Heuser, G. F., J. Nuir., in press. 

713 











714 LETTERS TO THE EDITORS 


were undertaken, in which the purified diet of the latter workers was used. 
Factor 8 of Schumacher and his associates,‘ freed of factor R and an anti- 
anemic factor, was included in the diet. The results of the chick studies 
are presented in the table. 

The results showed that H,O.-treated pyridoxine and the synthetic 
lactone promoted growth in chicks for the lst week. These growth in- 
creases were highly significant. After the Ist week the growth differences 
tended to disappear because of other deficiencies. 


Significance 








Experi- ’ a Significance | Hemoglo- 
ment Treatment w+ a be at of differ- bin per of differ- 
No. chicks ( Gays ence, {* 100 cc.t ence, {* 
gm. gm. 
None | 39 56.2 | 5.4 
H,O.-treated pyridoxine | 39 61.3 4.3 8.7 6.4 
2 None | 29 54.0 4.1 
H,O,-treated pyridoxine 29 61.8 3.4 8.4 6.6 
Synthetic lactone 29 65.1 5.6 7.9 | 15.3 
* When ¢ = 3.4, the odds are 2964:1; when ¢ = 4.3, the odds are greater than 


99,999: 1. 
t Determinations made at 21 days; twenty-nine per lot in Experiment 1 and 
» 


fifteen, seven, and seventeen respectively in Experiment 2 

The H2O-treated pyridoxine and the lactone also significantly increased 
the hemoglobin content of the blood. The antianemic properties of the 
lactone differentiated it from factor R, since this factor has been shown by 
Hill and his associates® not to increase the hemoglobin level. The lactone 
of 2-methyl-3-hydroxy-4-hydroxymethyl-5-carboxypyridine, therefore, pro- 
motes growth and prevents anemia in chicks. 


Laboratories of Poultry Husbandry, Chemistry, Bacteriology, M. L. Scorr 
and the School of Nutrition L. C. Norris 
Cornell University G. F. Heuser 
Ithaca W. F. Bruce 
H. W. Coover, Jr. 
W. D. Be.iamy 
I. C. GuNSALUS 


teceived for publication, June 19, 1944 
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UTILIZATION OF AMINO ACID ENANTIOMORPHS BY LACTO- 
BACILLUS ARABINOSUS AND LACTOBACILLUS CASEI 


Sirs: 

The synthetic amino acids are available commercially only in the racemic 
form. Their use as standards in quantitative microbiological determina- 
tions (Lactobacillus arabinosus, Lactobacillus casei) of amino acids in natural 
products makes it necessary to know whether the unnatural isomer is active 
for the assay organisms. It has already been established that only the 
naturally occurring enantiomorph of leucine,' isoleucine,' valine,'* trypto- 
phane,* glutamic acid,‘ and lysine‘ is utilized by L. arabinosus. Likewise 
for L. casei, only the / or natural form of valine is active. Results with 
additional amino acids, some of whose optical isomers are not generally 
available,® are given in the accompanying table. 

The amino acid assay procedures which have been described were 
followed.? The 1 isomer of each amino acid was used to construct a 
standard curve from which the relative activities of the d, dl, or allo forms 
were read. In the case of phenylalanine, the racemate was used as the 
standard, since the / isomer was not available. It is evident from the 
table that only the / enantiomorph of threonine and methionine is utilized 
by L. arabinosus and the same is true for L. caset with phenylalanine, 
leucine, tryptophane, arginine, and tyrosine, since, within experimental 
error, either the di form was 50 per cent as potent as the / isomer or the 
available d antipode had less than 0.3 per cent the activity of the latter. 
Therefore, only the naturally occurring enantiomorph of the amino acids 
so far examined by the various investigators can be metabolized by the 
Lactobacilli.2 It is noteworthy that L. arabinosus resembles the rat® in 
its inability to grow with the d or allo forms of threonine. 


1 Kuiken, K. A., Norman, W. H., Lyman, C. M., Hale, F., and Blotter, L., J. 
Biol. Chem., 161, 615 (1943). 

? Hegsted, D. M., J. Biol. Chem., 162, 193 (1944). 

?Greene, R. D., and Black, A., Proc. Soc. Exp. Biol. and Med., 64, 322 (1943). 

‘Kuiken, K. A., Norman, W. H., Lyman, C. M., and Hale, F., Science, 98, 266 
(1943). 

5 McMahan, J. R., and Snell, E. E., J. Biol. Chem., 162, 83 (1944). 

*We are greatly indebted to Dr. W. C. Rose and Dr. Madelyn Womack of the 
University of Illinois for the dl-arginine, d(+)-phenylalanine, d(+)- and l(—)- 
methionine, and d(+)-tyrosine, and to Dr. E. E. Howe of the Research Laboratory 
for obtaining these compounds for us. 

7 Shankman, S., Dunn, M.8., and Rubin, L. B., J. Biol. Chem., 160, 477 (1943); 
161, 511 (1943). 

*Hegsted and Wardwell (J. Biol. Chem., 163, 167 (1944)) have recently reported 
that an apparently pure sample of d(+)-leucine was slightly active for L. arabinosus. 

* West, H. D., and Carter, H. E., J. Biol. Chem., 122, 611 (1938). 
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L. arabinosus 17-5 














Amino acid Per cent activity compared to! isomer 

d ai Allo d dl 
Threonine <0.25 49 <1.0 
Methionine <0.30 56 
Phenylalanine 0.25 50* 
Leucine $s 
Tryptophane 50 
Arginine 45 


Tyrosine 





* Calculated on the basis that the d isomer is inactive. 


Although the Lactobacilli are less versatile than animals with respect 
to the utilization of d-amino acids,’ other microorganisms can synthesize 
d-amino acids," oxidatively deaminate them,” or use them as a source of 
nitrogen for growth." 

Jacos L. STOKES 
MARION 


Research Laboratories 
Merck and Company, Inc. GUNNESS 


Rahway, New Jersey 


Received for publication, July 11, 1944 





10 Rose, W. C., Physiol. Rev., 18, 109 (1938). Totter, J. R., and Berg, C P.., J. 
Biol. Chem., 127, 375 (1939). Grau, C. R., and Almquist, H. J., J. Nutr., 26, 631 
(1943). 

il Berg, C. P., Federation Proc., 1, 281 (1942). 

12 Bernheim, F., Bernheim, M. L. C., and Webster, M. D., J. Biol. Chem., 110, 
165 (1935). Webster, M. D., and Bernheim, F., J. Biol. Chem., 114, 267 (1936). 

13 Bauguess, L. C., J. Bact., 32, 299 (1936). 
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THE ANTAGONISTIC EFFECT OF PHOSPHOLIPIDS ON 
THE ANTIBACTERIAL ACTION OF PROPAMIDINE 


\ irs “y 


A 


Snell' in a recent communication has shown that bacteriostasis produced 
by propamidine (4,4’-diamidinodiphenoxypropane), a drug shown to be 
effective in the local chemotherapy of wounds and burns,? can be lessened 
or completely reversed by the addition of certain polyamines. In work 
earried out in this laboratory it has been found that both the inhibitory and 
“killing” action of propamidine can be reversed by certain phospholipids, 


TaBLe | 
Antagonistic Effect of Soya Lecithin on “‘Killing’’ Action of Propamidine on 
Staphylococcus aureus 





i Concentration of lecithin, mg. per cc. 
Time of exposure, entration o g. pe 
hrs. 











75 50 25 | 0 
1 - + 0 0 
2 + 0 0 0 
3 + 0 0 0 
4 | + 0 0 | 0 
5 + 0 0 0 
7 + 0 | 0 | 0 





0, no growth in subculture; +, growth in subculture. 

which have been shown by Baker, Harrison, and Miller*® to prevent the 
inhibition of bacterial metabolism of synthetic anionic and cationic 
detergents. 

In studies in connection with the prevention of the killing effect, 1.5 ec. 
of the lecithin suspension in phosphate buffer at pH 7.4 and 0.5 cc. of a 
propamidine* solution (10 mg.) were inoculated with 0.2 cc. of a 20 hour 
broth culture of Staphylococcus aureus and subcultures made periodically, 
as indicated in Table I. Subculturing technique was used to eliminate 
bacteriostasis. Throughout the experiment the medication tubes were 
maintained at 37.0°+0.1°. 


‘Snell, E., J. Biol. Chem., 162, 475 (1944). Thrower, W. R., and Valentine, 
F.C. 0O., Lancet, 1, 133 (1943). 

?McIndoe, A. H., and Tilley, A. R., Lancet, 1, 136 (1943). 

* Baker, Z., Harrison, R. W., and Miller, B. F., J. Exp. Med., 74, 621 (1941). 

‘The propamidine used in these experiments was in the form of the dihydrochlo- 
ride salt and was synthesized in these laboratories by the general method of Ashley 
etal. (J. Chem. Soc., 103 (1942)). 
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In demonstrating reversal of inhibition (Table IT), 1.0 ce. of the lecithin 
suspension and 1.0 cc. of propamidine solution of the concentration neces- 
sary to furnish the final concentration indicated were added to sterile plates 
along with 18 cc. of agar. After solidification the plates were streaked with 
two loops of a 20 hour broth culture of the organism. Plates were read after 
48 hours incubation. Similar antagonisms have been demonstrated with egg 
lecithin (Merck). The antibacterial actions against the Gram-negative 
organism, Escherichia coli, may similarly be reversed. 


Tasie II 
Antagonistic Effect of Soya Lecithin on Inhibitory Action of Propamidine on 
Staph ylococcus aureus 


(Mg. propamidine)/(20 cc. agar 


Soya lecithin, mg. —_ ee ee ee 





0.5 1.0 2.0 

0 0 0 0 

10 - 0 0 

20 ++ 0 0 

410 fp of. oh of. of 0 

60 a +-+--+ 0 
SO oe ae sae 4+ 
100 ne te ones 


0, complete inhibition; +, nearly complete inhibition; ++, slight inhibition; 


+, no inhibition; growth = control. 


The results of these experiments demonstrate that the phospholipids 
used are completely capable of protecting the organisms studied against 
the inhibitory and the killing action of propamidine. The quantitative 
nature of the relation between the phospholipid and propamidine concen- 
tration is demonstrated in Table II. 


Research Laboratories Wiiuram O. E.son 


Bauer and Black, Division of the Kendall Company 
Chicago 
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THE ROLE OF PANTOTHENIC ACID IN THE SYNTHESIS 
OF TRYPTOPHANE* 
Sirs: 

Pantothenic acid has been known to function as a growth vitamin for 
several bacteria. The biochemical nature of this function is not known. 
In the course of a study on the growth requirements of various toxigenic 
strains of Staphylococcus aureus, it was observed that certain strains 
(B-5235 and B-523C) required the addition of tryptophane to a tryptophane- 
free basal medium, consisting of vitamin-free casein hydrolysate or of a 


Turbidity readings 











Medium itthepilpeninenancenicisittndelpini 

Series A* Series B* 
Casein hydrolysate 0 27 
+ pantothenate 1 y per ml. 0 27 
+ glucose, 0.5% 0 93 
+ glucose + pantothenate (as above) 27 90 
Synthetic medium 0 52 
+ pantothenate 1 y per ml. 0 ot 
+ glucose, 0.5% 0 60 
49 58 


+ glucose + pantothenate 





Casein Hydrolysate—m/30 phosphate solution (pH 7.4) of 1 per cent casein hy- 
drolysate (vitamin-free, Smaco) + 9.0 X 10-‘ m cysteine hydrochloride + 2.5 X 10-*m 
ferrous ammonium sulfate + 3.3 X 10-* m magnesium sulfate + 1 y per ml. of medium 
each of thiamine chloride and nicotonamide. 

Synthetic Medium—In the synthetic medium were included all the constituents as 
above, except that 1 per cent casein hydrolysate was substituted by a mixture of 


amino acids: alanine, valine, leucine, glycine, proline, oxyproline, aspartic acid, 
glutamic acid, methionine, phenylalanine, tyrosine, hydrochlorides of histidine and 
lysine, threonine, and isoleucine. 

*Series A contains no added tryptophane; Series B contains 1 X 10-‘ m added 


tryptophane. 


mixture of amino acids with or without glucose. Riboflavin, nicotinamide, 
thiamine, Lactobacillus casei factor, biotin, and pyridoxine were found to be 
inadequate to support growth in the absence of tryptophane with or with- 
out glucose. On the other hand pantothenic acid supported growth (see 
the table) in the tryptophane-free medium in the presence of glucose but not 


* The present study was conducted under grants from the Josiah Macy, Jr., Foun- 


dation. 
1 Williams, R. J., in Nord, F. F., and Werkman, C. H., Advances in enzymology 


and related subjects, New York, 3, 253 (1943). 
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in its absence (the observation period of growth from 2 to 7 days). It is 
concluded that pantothenic acid mediates the metabolism of glucose lead- 
ing to or involved in the synthesis of tryptophane and thereby of the growth 
of staphylococci. These staphylococcal strains appear therefore to be in- 
capable of the synthesis of pantothenic acid and thereby of tryptophane. 
It has been previously demonstrated that staphylococci oxidize trypto- 
phane to arylamines of unknown constitution.2 In this connection it was 
observed that upon the addition of pantothenic acid arylamines were formed 
in a basal medium containing glucose. The controls under similar condi- 
tions showed neither growth nor arylamine formation. It is also to be 
noted that sulfonamides influence the metabolism of tryptophane by 
Staphylococcus aureus Pantothenic acid alone, or in combination with 
riboflavin, completely or partially abolished the inhibitory action of sul- 
fonamides.* This finding is interpreted as additional evidence for the 
synthesis of tryptophane under the influence of pantothenic acid. 


M. G. SevaG 


Department of Bacteriology 
Morris N. Green 


School of Medicine 
University of Pennsylvania 
Philadelphia 


Received for publication, June 19, 1944 


A 


? Sevag, M. G., and Green, M. N., J. Bact., 47, 450, 451 (1944 
*’ Sevag, M. G., and Green, M. N., Am. J. Med. Sc., 207, 686 (1944) 























THE ROLE OF CRYSTALLINE VITAMIN B, IN THE NUTRITION 
OF THE CHICK 


Sirs: 

We have reported! that, when the crystalline B, vitamin is incorporated 
in the basal chick ration, it has a positive influence on growth (body 
weight and feathering) and on the blood cell components. 

In order to circumvent, in part at least, the possible influence that vita- 
min B, may have on the synthesis of other factors by the intestinal bac- 
terial flora (which Briggs et al.* refer to as a source of additive factors— 
By and B,;) some of the same lot of the pure vitamin B, crystals was 
given for 4 weeks, both orally and subcutaneously, as supplement to the 
basal ration. The data for the two groups and the controls are given in 
the accompanying table. 


























——_ No. of chicks Bed Red 7 - _ 
Group chick S weight 3 tocrit | Hb | ous — 
per day | Started vidien - 
pr oe ae an Ba 
Y | sm. an. “ae | "cont. dum dam. 
Basal B.-free ration | None| 36 | 15 89 | 0.70 | 11.3 | 3.38*| 8,460) 14,690 
Normal broiler ration | 20 | 20 207 | 2.27 | 31.2 | 7.74 | 29,935) 31,180 
Crystalline B,, No. 1 13 9 101 | 1.46 | 22.1 | 5.30 17,900} 30,300 
37933 (from yeast) 4 13 8 157 | 1.63 | 24.4 | 6.33 | 15,900} 29,380 
given by pipette 20 |; 9 7 191 | 2.25 | 33.0 | 8.77 | 19,910) 34,430 
Crystalline B,, No. 1}; 9 122 | 1.59 | 24.7 | 6.44 | 8,420) 23,620 
37933 (from yeast) ‘4 2 9 173 | 2.00 | 28.6 | 7.95 | 23,210) 36,100 
injected subcu- 20 6 | 6 214 | 2.40 | 33.8 | 8.49 25,730) 35,180 


taneously 





* Five chicks for this group. 


The evidence shows that when the vitamin is given parenterally it has 
the same biological effect on the chick as it does when given orally (by 
pipette or in the ration'). This finding tends to suggest that the intestinal 
flora is very probably not influenced, directly at least, by the vitamin and 
that the effect on growth (both weight and feathering) and blood cell 
components is due to the vitamin B, per se. This does not preclude the 
fact, however, that the digestive juices may serve as intermediary agents 
and carry some factor into the intestinal tract. If other unknown dietary 


1 Campbell, C. J., Brown, R. A., and Emmett, A. D., J. Biol. Chem., 162, 483 
(1944). 

? Briggs, G. M., Jr., Luckey, T. D., Elvehjem, C. A., and Hart. E. B.. J. Biol. 
Chem., 148, 163 (1943); 153, 423 (1944). 
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factor or factors are necessary for growth then, in order to demonstrate 
their existence, suboptimum rather than optimum levels of vitamin B. 
must be present in the ration. 


Research Laboratories. C. J. CAMPBELL 
Parke, Davis and Company RaymonpD A. Brown 
Detroit A. D. Emmett 


Received for publication June 19 1944 

















REVERSIBILITY OF THE PHOSPHOROCLASTIC SPLIT OF 
PYRUVATE 
Sirs: 

The “hydroclastic’”’ split whereby pyruvic acid is split into formic and 
acetic acids is a common reaction in certain bacteria. Recently it has 
been shown by use of Escherichia coli that this reaction is really a phos- 
phoroclastic split with acetyl phosphate and formic acid arising from 
pyruvic acid: 


CH,;COCOOH + H;PO,=— CH;COO(PO;H.) + HCOOH 
Pyruvic acid acetyl phosphate formic aeid 


Acetic acid is formed by the dephosphorylation of acetyl phosphate. 
With the aid of C" as a tracer, it has now been possible to show the 
reversibility of the phosphoroclastic reaction. An enzyme preparation 
obtained by grinding Escherichia coli with powdered glass was incubated 
with formic acid containing an excess of C™ and with pyruvic acid con- 
taining normal amounts of C™. At the end of 60 minutes, the unchanged 


Reversibility of Phosphoroclastic Reaction in Escherichia coli 








Products Excess C'*, atoms per cent 
ine _——— \- 
CO:. | b Pps: Om vans Sayan acer a | 0.06 
—COOH of pyruvic acid ................. ere 0.80 
HCOOH (contained 1.79% excess C1) . ives 0.79 





pyruvic acid contained a considerable excess of C™ in the carboxyl group. 
The C™ in the carboxyl group and in the residual formic acid were approx- 
imately equal, showing that an equilibrium has been reached. Since the 
formic acid was not in equilibrium with CO: as evidenced by the very small 
excess of C™ in the CO2, C® did not enter into the pyruvic acid by means of 
a combination of CO, and some other compound. 

The pyruvic acid was degraded with ceric sulfate in the cold after the 
volatile acids had been removed by steam distillation. 

Reversibility of the phosphoroclastic reaction provides another pathway 
whereby CO, can become integrated into organic molecules. Previously 
such fixation has been assumed to take place only by means of union of a 
3-carbon compound and CO¢.2- COzis normally in equilibrium with formic 
acid in Escherichia colt, although this is not the case in this enzyme prepara- 
tion. If formic acid is in equilibrium with both pyruvic acid and COs, 
C80, can be fixed in the carboxyl group of pyruvic acid and the latter 


1 Utter, M. F., and Werkman, C. H., Arch. Biochem., 2, 491 (1943). 
? Wood, H. G., and Werkman, C. H., Biochem. J., 34, 7 (1940). 
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compound can undergo further transformations. With whole cells of 


Escherichia coli such a reaction actually occurs. Although the phospho- 
roclastic reaction is limited to a relatively small number of bacterial spe- 
cies, the reaction is similar to other reactions in which acetic acid and 
CO, are formed from pyruvic acid and it is possible that these reactions 
may prove reversible also. 


Bacteriology Section M. F. Urrer 
Iowa Agricultural Experiment Station C. H. Werxman 
Ames : 

Biochemical Research Laboratory Fritz LipMANN 
Massachusetts General Hospital 
Boston 
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KETO ACID FORMATION THROUGH THE REVERSAL OF THE 
PHOSPHOROCLASTIC REACTION* 


Sirs: 


The oxidation-reduction potential of the system, (pyruvate-water) 
(acetate-CO,-H:2), is about 0.3 volt negative to the hydrogen potential 
(—AFo, 15 kilocalories). Consequently the release of hydrogen and car- 
bon dioxide from pyruvate hydrate occurs with great energy loss and is 
essentially irreversible. The finding, however, of acetyl phosphate as the 
dehydrogenation product of pyruvate! changed the aspect of irreversibility 
of dehydrogenative decarboxylation. Through the substitution of phos- 
phate for water a migration of more than 12 kilocalories into the carboxyl 
phosphate bond is effected. This reduces the external energy loss from 
15 to less than 3 kilocalories. Therefore, the phosphoroclastic system, 
(pyruvate-phosphate) /(acetyl phosphate-CO2-H2), becomes essentially re- 
versible. 

The finding of Utter and Werkman? that in extracts of Escherichia coli 
acetyl phosphate and formate are formed from pyruvate offered a very 
simple reaction system to test for reversibility. The energy equivalence 
of formic acid with a mixture of molecular hydrogen and carbon dioxide 
made the results with this system automatically transferable to the more 
complicated hydrogenative carboxylation of acetyl phosphate with molec- 
ular hydrogen or suitable hydrogen donor. 

The bacteriological material was kindly supplied by Professor Werkman. 
Extracts of Escherichia coli were incubated anaerobically with acetyl 
phosphate and formate. Sodium fluoride (0.03 m) was added to delay 
rapid enzymatic split of acetyl phosphate. To determine the small 
amounts of keto acid which appeared onincubation the sensitive colorimet- 
ric method of Friedemann and Haugen* was used in the modification spe- 
cific for pyruvate. 

A typical experiment is shown in the accompanying table. Apparently 
a gradual decomposition of acetyl phosphate, after an initial rise, causes 
the keto acid level later to fall parallel with acetyl phosphate disappear- 
ance. On the other hand, acetyl phosphate without formate did not give 
rise to keto acid. When pyruvate was added at the start in slight excess 
of the equilibrium concentration, the keto acid concentration leveled off 


* This work was aided by a grant of the Commonwealth Fund. 

' Lipmann, F., J. Biol. Chem., 134, 463 (1940). 

? Utter, M. F., and Werkman, C. H., Arch. Biochem., 2, 491 (1943). 

* Friedemann, T. E., and Haugen, G. E., J. Biol. Chem., 147, 415 (1943). 
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Incubation time Formate Acetyl! phosphate Pyruvate 
min. micromoles per ml. micromoles per ml. micromole per ml. 5 
0 150 50 0.03 
25 150 38 0.17 
60 150 24 0.14 
60 24 0.03 
150 150 2 0.07 





at equilibrium level only with formate and acetyl phosphate present. 
These experiments allow an approximation of the equilibrium constant, 
amounting to about 10~* for the reverse phosphoroclastic reaction. 


Biochemical Research Laboratory Fritz LipMANN 
Massachusetts General Hospiial L. Constance TuTtTLe 
Boston 
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Iodide: Inorganic, thyroid thyroxine and 


diiodotyrosine formation in vitro, 
effect, Morton, Chaikoff, and Rosen- 
feld, 381 
Iodine: Biological materials, determina- 
tion, micro-, chlorate’ digestion 
method, Shahrokh, 517 


Protein-bound, blood cells, red, and 
blood plasma, McClendon and Foster, 
619 


K 
Keratin(s): Chemistry, Edwards and 
Routh, 593 


Keto acids(s): Formation, phosphoro- 
clastic reaction, Lipmann and Tut- 


tle, 725 
Keto-p-gluconic acid: 5-, determina- 
tion, Militzer, 325 
Ketone bodies: Determination, micro-, 
Greenberg and Lester, 177 

L 


Lactobacillus arabinosus: Amino acid 
enantiomorphs, utilization, Stokes 
and Gunness, 715 
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Lactobacillus casei: Amino acid enan- 
tiomorphs, Stokes and Gunness, 715 
Leucine(s): Foodstuffs, determination, 
Neurospora mutant, use, Ryan and 
Brand, 161 
Hydroxy, Dakin, 549 
-Lacking strain, Neurospora crassa 
mutant, Regnery, 151 
Protein hydrolysates, determination, 
Neurospora mutant, use, Ryan and 
Brand, 161 
Leucylpeptidase: Muscle, preparation 
and action, Schwimmer, 361 
Lipid(s): Liver, sulfur-containing com- 
pounds, effect, Roberts and Eckstein, 
367 

Phospho-. See Phospholipid 
Tubercle bacillus, chemistry, Velick, 


497 
Creighton, Chang, and Anderson, 
569 
Creighton and Anderson, 581 


Anderson, 
587 


Edens, Creighton, and 


— -—, human, dextrose-containing 


medium, chemistry, Creighton, 
Chang, and Anderson, 569 
Tuberculin cell residues, Creighton and 
Anderson, 581 


Liver: Estradiol inactivation, vitamin 
deficiency effect, Singher, Kensler, 


Taylor, Rhoads, and Unna, 79 


Fat, amino acid effect, Beveridge, 


Lucas, and O’Grady, 9 
—, protein effect, Beveridge, Lucas, and 
O’Grady, 9 


Fatty acid oxidation, adenosine poly- 
phosphates, relation, Lehninger, 


309 
Lipid, sulfur-containing compounds, 
effect, Roberts and Eckstein, 367 


Phosphate compounds, labile, re- 
juvenation rate, Kalckar, Dehlinger, 
and Mehler, 275 

Thiamine and riboflavin interrelation, 
Singher, Kensler, Le vy, Poore P 
Rhoads, and Unna, 69 


M 


Maltose: -Glucose mixtures, sugar de- 
termination, micro-, Morris, 561 


Mercapturic acid(s): Young and 
Zharsky, 389 
p-Fluorophenyl-, metabolic formation, 
fluorobenzene relation, Young and 
Zbarsky, 389 
Methionine: Synthesis, isotopic carbon- 
and sulfur-containing, Kilmer and du 


Vigneaud, 247 
Methyl glucoside(s): Substituted, cop- 
per complexes, optical activity, 
Reeves, 49 
Methylhistidine: dl-1-, metabolism, Sa- 
kami and Wilson, 223 


—, synthesis, Sakami and Wilson, 215 
Wilson, 215, 223 


preparation, 


l-, Sakami and 
Microtome: Tissue slices, 


Stadie and Riggs, 687 
Milk: Casein, Ramsdell and Whittier, 
113 

Human, fat, fatty acids, Baldwin and 
Longenecker, 255 


Mold: See also Aspergillus, Neurospora 
Muscle: Gastrocnemius, creatine, dietary 
choline effect, Roberts and Eckstein, 


377 
Leucylpeptidase, preparation and ac- 
tion, Schwimmer, 361 
Phosphate compounds, labile, _re- 
juvenation rate, Kalckar, Dehlinger, 
and Mehler, 275 

N 
Neurospora: d-Amino acid oxidase, Horo- 
witz, 14] 
Mutant, leucine determination, Ryan 
and Brand, 161 
Ornithine cycle, genetic control, Srb 
and Horowitz, 129 
Neurospora crassa: Leucineless strain, 
Regnery, 151 
Nicotinamide: Excessive feeding, effect, 
Handier, 203 
Nitrogen: Aconite alkaloids, ring system 
and character, Craig, Michaelis, 
Granick, and Jacobs, 293 
Amino acid, shock effect, Hoar and 
Haist, 331 


Brain, Eichelberger and Richter, 21 
Urine, partition, glutamic acid ad- 
j 


ministration effect, Pedersen and 


Le wis, 705 





Py 





SUBJECTS 


continued: 


Nitrogen 
Urine, partition, hydroxyproline ad- 


ministration effect, Pederser and 
Lewis, 705 

‘ proline administration effect, 
Pedersen and Lewis, 705 

—, —, pyrrolidonecarboxylic acid ad- 
ministration effect, Pedersen and 
Lewis, 705 
Nucleotide(s): Adenine, phosphate re- 
juvenation, Aalcka 267 


r,and Mehler, 275 
Polyphosphorylated, phosphate groups, 


Kalckar, Dehlinge 


enzymatic separation, Kalckar, 267 

O 
Octadecenoic acid(s): Naturally occur- 
ring, isolation and properties, Willi- 


can and Brown, 137 
Oleic acid: Naturally occurring, isolation 


and properties, Millican and Brown, 
| 


437 

Ornithine: Cycle, Neurespora, genetic 
control, Srb and Horowitz, 129 
Oxalic acid: Urine, determination, Pow- 
ers and Levatin, 207 
Oxidase: d-Amino acid, Neurospora, 
Horowitz, 141 
Oxygen: Pressure, high, tissue gas 
metabolism, determination in vitro, 
apparatus, Stadie and Riggs, 669 
Oxytocic principle: Pituitary extract, 
posterior, Potts and Gallagher, 349 


P 


Pantothenic acid: Tryptophane synthe- 
sis, effect, Sevag and Green, 719 


Parathyroid: Extract, phosphorus, 
labeled, effect, Tweedy and Camp- 
bell, 339 

Peanut: Proteins, tryptophane and tyro- 
sine, Brown, 57 


Peptidase: Leucyl-, muscle, preparation 
Pp ) pre} 


and action, Schwimmer, 361 
Peptide(s): Amino acids and, Scholt, 
Rockland, and Dunn, 397 
Proteins and, Schott, Rockland, and 
Dunn, 397 
Sulfonic acids, aromatic, reagents, 
Stein, Moore, and Bergmann, 191 


737 


Peroxidase: Heat-inactivated, regenera- 


tion, Schwimmer, 487 
Phenazine: Riboflavin analogues, ribo 
flavin deficiency relation, Woolley, 

31 


Phosphatase: Wheat, cocarboxylase hy- 


drolysis, effect, Obermeyer, Fulmer, 


and Young, 557 
Phosphate(s): Adenine nucleotides, re- 
juvenation, Aalckar, 267 


72 


Kalckar, Dehlinger, and Mehler, 275 
Nucleotides, 
zymatic separation, Kalckar, 


en- 


267 


polyphosphorylated, 


Pyruvie acid disassimilation, Clostrid- 
ium butylicum extracts, réle, Koep- 
sell, Johnson, and Meek, 535 

Phosphate compound(s): Labile, liver, 
rejuvenation rate, Kalckar, Dehl- 


inger, and Ve hle f 275 
, muscle, rejuvenation rate, Kalckar 
De hlinge r, and Mehler, 275 


Phospholipid(s): Propamidine antibac- 
terial action, effect, Elson, 717 
Tissue, diet relation, Fishman and Ar- 


tom, 109, 117 
Phosphorus: Labeled, parathyroid ex- 
tract effect, Tweedy and Campbell, 
339 

Phosphorylcholine: Baer and McArthur, 
451 


Pituitary extract(s): Posterior, oxytocic 
and pressor principles, separation, 
Potts and Gallagher, 349 

Polyamine(s): Escherichia coli growth, 
atabrine inhibition effect, Silverman 

521 


Copper complexes, 


and Evans, 
Polysaccharide(s): 


optical activity, Reeves, 49 
Potassium: Determination, microbio- 
logical, Rogosa, 307 
Pressor principle: Pituitary extract, 


349 


, urine nitrogen parti- 


posterior, Potts and Gallagher, 
Proline: Hydroxy 
tion, administration effect, Pedersen 
705 
Urine nitrogen partition, administra- 
707 
Propamidine: Antibacterial action, phos- 
pholipid effect, Elson 717 


and Lewis, 


tion effect, Pedersen and Lewis, 
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Protein (s): Acid groups, determination, 
dye use, Fraenkel-Conrat and Cooper, 


239 

Amino acids and, Schott, Rockland, and 
Dunn, 397 
Base groups, determination, dye use, 
Fraenkel-Conrat and Cooper, 239 


-Bound iodine, blood cells, red, and 
blood plasma, McClendon and Foster, 


619 

1,2-Epoxides, action, Fraenkel-Conrat, 
227 

-Formaldehyde reaction, Theis, 87 
Theis and Lams, 99 


Hydrolysates, leucine determination, 
Neurospora mutant, use, Ryan and 


Brand, 161 
Liver fat, effect, Beveridge, Lucas, and 
O’ Grady, 9 
Peanut, tryptophane and _ tyrosine, 
Brown, 57 
Peptides and, Schott, Rockland, and 
Dunn, 397 
Proteolytic substance: Soy bean extract, 
Ham and Sandstedt, 505 
Pyridoxal: Chemical constitution 
and synthesis, Harris, Heyl, and 
Folke rs, 315 
Vitamin activity, Snell, 313 


‘ 


Pyridoxamine: Chemical constitution 
and synthesis, Harris, Heyl, and 
Folkers, 315 

Vitamin activity, Snell, 313 

Pyrrolidonecarboxylic acid: Urine nitro- 

gen partition, administration effect, 


Pedersen and Lewis, 705 
Pyruvate(s): Phosphoroclastic split, Ut- 
ter, Werkman, and Lipmann, 72 


Pyruvic acid: Disassimilation, Clostrid- 
tum butylicum extracts, phosphate 
réle, Koepsell, Johnson, and Meek, 

535 


Q 
Quinine: Metabolic derivative, chemical 
constitution, Mead and Koepfli, 507 
Quinone(s): Vitamin K non-quinones, 
conversion to, Richert, l 


R 
Riboflavin: Phenazine analogues, de. 
ficiency relation, Woolley, 31 
Thiamine and, liver, interrelation, 
Singher, Kensler, Levy, Poore, 
Rhoads, and Unna, 69 
Rickettsia prowazeki: Cohen and 
Chargaff, 691 

Ss 
Salicylate(s): Urine, dicumarol ad- 
ministration effect, Lester, 305 
Shock: Amino acid nitrogen, effect, 
Hoar and Haist, 331 


Silk: Fibroin, hydrolysis, aromatic sul- 
fonic acids, use, Stein, Moore, and 


Bergmann, 191 
Soy bean: Extract, proteolytic substance, 
Ham and Sandstedt, 505 


Spermidine: Escherichia coli growth, 
atabrine inhibition, effect, Silverman 
and Evans, 521 

Spermine: Escherichia coli growth, ata- 
brine inhibition, effect, Silverman 


and Evans, 521 
Stearic acid: Tuberculo-, chemical con- 
stitution, Velick, 497 


Steroid (s): Urine, determination, 
periodic acid reaction, Talbot and 
Eitingon, 605 

Sulfonic acid(s): Aromatic, peptide rea- 
gents, Stein, Moore, and Bergmann, 


191 
—, silk fibroin hydrolysis, use, Stein, 
Moore . and Be rgmann, 191 


Sulfur: -Containing compounds, liver 
lipids, effect, Roberts and Eckstein, 

367 

Isotopic, methionine synthesis, Kilmer 
and du Vigneaud, 247 


T 


Thiamine: Determination, p-aminoaceto- 
phenone effect, Sealock and Good- 
land, 63 

Riboflavin and, liver, interrelation, 
Singher, Kensler, Levy,  Poore, 


Rhoads, and Unna, 69 
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SUBJECTS 


Thyroid: Diiodotyrosine, iodide, inor- 
ganic, in vitro, effect, Morton, Chai- 
koff, and Rosenfeld, 381 

Thyroxine, iodide, inorganic, in vitro, 
effect, Morton, Chaikoff, and Rosen- 
feld, 381 

Thyroxine: Thyroid, iodide, inorganic, 
in vitro, effect, Morton, Chaikoff, 
and Rosenfeld, 381 

Tissue(s): Gas metabolism determina- 
tion, in vitro, high oxygen pressure, 
apparatus, Stadie and Riggs, 669 

Phospholipids, diet relation, Fishman 
and Artom, 109, 117 
Slices, preparation, microtome, Stadie 
and Riggs, 687 
Tryptophane: Peanut proteins, Brown, 
57 

Synthesis, pantothenic acid effect, Se- 
vag and Green, 719 

Tubercle bacillus: Human, lipids, dex- 
trose-containing medium, chemistry, 


Creighton, Chang, and Anderson, 
569 
Lipids, chemistry, Velick, 497 
Creighton, Chang, and Anderson, 
569 
Creighton and Anderson, 581 
Edens, Creighton, and Anderson, 
587 


Tuberculin: Cell residues, acetone-solu- 
ble fat, Edens, Creighton, and Ander- 


son, 587 

— —, lipids, Creighton and Anderson, 
581 

Tuberculostearic acid: Chemical con- 
stitution, Velick, 497 


Tyrosine: Diiodo-, thyroid, iodide, in- 


organic, in vitro, effect, Morton, 
Chaikoff, and Rosenfeld, 381 
Peanut proteins, Brown, 57 


U 


Urease: Activity, determination, mano- 
metric, titrimetric, and _ colori- 
metric, Van Slyke and Archibald, 

623 








739 


Urine: Nitrogen partition, glutamic acid 
administration effect, Pedersen and 
Lewis, 705 

— —, hydroxyproline administration 
effect, Pedersen and Lewis, 705 
— —, proline administration effect, 
Pedersen and Lewis, 705 
— —, pyrrolidonecarboxylic acid ad- 


ministration effect, Pedersen and 
Lewis, 705 
Oxaliec acid determination, Powers and 
Levatin, 207 


Salicylates, dicumarol administration 
effect, Lester, 305 
Steroids, determination, periodic acid 
reaction, T'albot and Eitingon, 605 


Vv 


Valine: Valyl-, gramicidin, chemical 
constitution, Christensen, 427 
Valylvaline: Gramicidin, chemical con- 
stitution, Christensen, 427 
Vitamin(s): Action, rats, Fishman and 
Artom, 117 

B.. crystalline, chick nutrition, effect, 
Campbell, Brown, and Emmett, 721 
Deficiency, liver estradiol inactivation, 


effect, Singher, Kensler, Taylor, 
Rhoads, and Unna, 79 
K, non-quinones, conversion to qui- 
none, Richert, ] 
Pyridoxal relation to, Snell, 313 
Pyridoxamine relation to, Snell, 313 
WwW 

ater: Brain, Eichelberger and Richter, 
21 


<a 


heat: Phosphatase, cocarboxylase hy- 
drolysis effect, Obermeyer, Fulmer, 
and Young, 557 
Wool: -Formaldehyde reaction, Theis and 


Lams, 99 

xX 
Xanthopterin: Synthetic, preparation, 
Totter, 105 
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